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FOREWORD

The decision to hold a Specialists' Meeting on "The Aerodynamics of
Atmospheric Shear Flows* was taken as a result of a Round Table Discussion
of the Fluid Dynamics Panel in September, 1967, O" 0ttingen.

The subject Ia a very wide one and could readily be extended well outside
the realm of aeronautical ;roblems. It was felt, however, that in the
context of this AGARD meeting the emphasis should be on aspects of direct
aeronautical interest. Nevertheless, it wan agreed that other aspects
should not be rigidly excluded, since certain developents aimed at non-
aeronautical problems can readily have relevL.ce to aeronautical and space
needs.

The Programe Cnimttee decided that'papers sh d be invited under three
headings; .'aelyi --L The Structure of Atospheric Ehear Flows; M- Basic
Problems Related to Atmospheric Shear Flow; Il. Industrial Problems.

The final programme is made up of 10 papers under Topic I, 10 papers under
Topic 11, and 4 papers under 1upic III. In additi , associated with each
topic is a general review paper by a leading exponent in that field. It is
hoped that the final coverage of meteorological aspects, laboratory and
simulation techniques and behaviour of structures in shear flows will provo
a balanced one and wiil provide a useful basiL for discussion and a sti.,lus
for further work.

The contributions to the programe derive from six NATO c iantrieb.

A. D. Young

____ 1v
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SUM"AAY

Atmoapher~c shear flow near the gru. are dib.used in rsune detail, and chark s eric tics of
elevaed shear fiows are not so wll undtratu,' and are mentioned only briefly.

The behavior of the structure of atmospheric shear flows near the ground is diacua.-ed in terms
of three s iilsrity hypothese%

1) Monin-Obukhov similerity in~ the surfcce .'ayef

2) Kobsogorov siilarity

3) Davenport gecastric similarity

Monin-Obukhov similarity maes it possible to comibine the effects of shear and buoyancy. It
describes well the wind profile in the surfacu layer, as well ase the spectra of vertical wind and
tamperLture, end the cospectra of heat flux and Reynolds stresa. Spectra of the horizontal
components do not obey Monin-Ohuldiov similarity, probably due to the ;.f fect of large-scale roughness.

rue to the high Reynolds numbers, well-developed inertial subrangee exist in all spectra at
high frequencies, except in very stable air. In z:-able air, buoyant subranges have been
observed. The inertial ranges permit estimation of diesiration.

Davenport wecuetrical similarity predicts that the relation beLveen wind fl.uctuations f or
given ratios of height "Afference and wavelen~gth is a function of Richardson number only. This
hypothesis agrees with observations at many iites. F'luctuations occur first at higher levels,
th~kn spread downwards. The delay for the la..eral c-opt-ents in larger then for the horizontal
k~cuponents.

Spectra of elevated shear layers (clear-air turbulence) clearly show the inertial range.
At lowei frequenc.ies, longitudinal rolls a're iudicated in t~le case of cle~sr-air turbulence.
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TH ST RCTURE OF A IWSPRIRIC SHUR 97,S - A RZVIXW

H. A. Panofsky*

The Pennsylvaena State Univrsity-

I, Introduction

Atmospheric shear flows have been studied most extensively in the atmorpheric boundary Isar,

which is, on the averagc, about 1 km thick. Moit of this papa;: rili deal with propertiea of this.

layer. In addition, how .er, there exiet, cn occavion, stroug shiar laye in the upper air. ith

a maximum probability about 10 km above the surface, which give rise to "clear-air tbulanc "

(WA). Some Informiation concerning th mechanism and structure of CAT has only recently becoft

Available an4 ill be discussed.

Atmospheric and oceanic shear zones differ in two important aspects from boundary layers

usually studied In wind tunnels: first, the Reynolds nubvrs are so large that they cease to be

important, except, perhaps right near the groud. SecQ,.J, the vertical t_.wsrature stratification

plays a dom:nnt role in determining the chdracteriatics of the shear flow; if temperature

increases with height, it tends to damp out tu:bulance; if it decreases with height by more than

the adiabatic rate yd (l'C/100 m), hest convection is added to the "mechatnial" turbulnce produced

by the shear. Therefore, the most relavaat non-dimensional number for atmoupheric shear flow

eccmes the Richardson number, defined by

S(uYd "" ) 
(I)

T ( u v )2

According t, Batchelor (1953), this number determines dynaic similarity; qualit*tively it

can be thought of representing the rsrletve importance of heat convsctiov and mechani-al

turbulence. Here, g in gravity, T temperature, a height, ye -aTiah, and u and v are two Cartesian

horisontal wind coponenta. Ri is defined in such a way that large negative numbers imply

relatively strcng heat convection; zero Ri, pure mechanical turbulence; small pcsitive RI.

mecha&iicel turbulence, damped by the temperature Atratification; and large positive Ri, no vertical

turbulence at all. Between the last two categories thers exists a "criticAl" Richardson number,

separating -.mrticra turbulence from no vertical turbulonce; its numerical value i probably Around

0.25. In practice, 3 - gz2(yd - y)/u
2 T is sometises u~sd instead of Ri becausa it can be meaaured

more easily.

II. Vertical Wind Structure in the oundr Lryer

a. The surface layer. Within the atmospheric bound.y layer, we Qistinguish two reglion
- the

"1surface layer and TEkman layer". The .. rface layer, which extends up to a height ef 10 meters

or so, has the following relatively simple properties (over homogeneous terrain): the wind directiou

is constant; and the vertical variation of stress, heat flux and other 
vertical fluxes can be

neglected. In the Ekman layer, the earth's rotation iAcomes 
important and the wind turns 'ith

increasing height. Also, the vertical fluxes decrease significantly in magnitude.

Over homogeneous terrain, for zero or negative Richardson numbers 
(the normal configuration at

daytime), the vertical wind distribution over homogeneous terrain Is gI v.M by

V - 2.5 u,[fn(z/ o) - *(Ri)] (2)

* Even Puh .rh rofssor of Atmoqpheric Sciences

**Contribution No. 68-66 from the College of 
Earth and Mineral Scientes
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Pre u., the fricion velocity, is defined as u. - ixlp, where is the stress and P the air density,
Zo s the usual roughnesa length, which varies from ebout 0.1 cm over smooth sand to several meters
over some cities. *(Ri) appears to be a universal function, which has been tabulated and is

available in graphical form (Panofsky, 1963), It is positive if Ri is negative. For positive
Richardson numbers, Eq. (2) is probably not valid, because radiative hat transfer becomes
impirtant; further, winds at different levels become more independent of each other, and ue decreases
rapidly with height.

Equation (L) does not really describe the distribution of wind with height, because the
vertical distribution of Ri is not known a ptiori; ho .c'er, the equation in this form is quite
useful for evaluating u, from given roughness. winds and temperatures

The distribvtion of wind with height can be described explicitly by Introducing L, the Lettau-
Monin-Obukhov length, which is defined by

3
u c pT

0.4 gn

Here It is the vertical heat flux (to be modified when moisture affects the buoyancy of the air),

and C the specific heat at constant pressure. In the surface layer, L is essentially independent
of height, and IL/301 represents the height below which mechanical turbulence is dominant in
producing vertical fluxes, and above IL/301 , buoyant turbulence (heat convection). L is treated
as a scaling length in Monin-Obukhov similarity along with u, as pcaling velocity. According to
this theory, z/L is a uniiersal function of ..i in the surface layer. In fact, for practical

purposes, Ri and zlL appear to be equal when both are negative (daytime). We can then rewrite the
low-level wiud profile:

V - 2.5 u* [tn(z oz) - *(zIL)] (4)

b. Wind distribution in the Ean layer. In the Ekmn layer, the wind tends to turn clockwise
with increasing height in the northern hemisphere, counterclockwise in the southern. The wind
speed increases rapidly at first, more slowly later on. The exact distribution depends on many
factors, particularly, the vertical distribution of the horizontal pressure gradient, and the

vertical distribution of Richardson numbers.

Many models ekist for this distribution; of particular importance is the ratio between sur_.e
friction velocitv and free-stream velocity, and the angle between eurface stress and direction of
free-stream velocity. Both these ratios depend primarily on the "surface Roseby number" V g/fs 0
sce form of bulk Richardson number, and the distribution of pressure gradient. Here f is the
Coriolia parameter 2uein , and Vg the free-stram velocity. w is the earth's rate of rotation and

* the latitude.

III. The behavior of the Variances in the Boundalyer

Acccrding to Honin-Obukhov similarity theory, the non-dimensional ratios Ou/u*, Ovfu* and
aw/u , are fouctions of Ri or z/L only. Here a stands for standard deviation, and subscripts, u, v
and w for longitudinal, lateral and vertical velocity components, respectively.

Figures 1 and k 'how these relationships, as determined by Prasad and Panofsky (1967) frow

observationg at many locations. The Monin-Obukhov prediction fits best to the statistics of

vertical velocity. In fact, over the range -0.5 < Ri < 0.2, the ratio aW/u* is essentially
constant and equal to 1.3; this fact a. Eq. (2) make it possible to determine the fluctuations
of vertical velocity from measured wind, tesperature gradients and ground roughness. For negative

Ri of large magnitude ("free convection"), o/Ot varies as (./L) 1 /
3 , evev up to heights exceeding

that of the surface layer (see Myrup, 1967).

The rativo auk, and 0,/u, show e ematiu variations from place to place, suggesting that
,-:,ain features of large- scales than those chkatcterized by so influence their behavior. Also,

there is a tendency for the ratio Ov/u* to incr.ase toward large positive Ri, suggoeting the
existence of small-scale, horizontal motions besides mechanical turbulence and heat convection.

In general, there is very little vertical variation of the various standard deviations in the

surface layer. A final characteristic of the various ratios appears to be that they are
relatively unaffected by terrain heterogeneities.

According to Monia-Obukhov similarity theory, the standard deviations of scalars such as

tomperatu-S (O) are described by

where T. is given by -H/0.4 cppu, and O is a universal function. Equation (5) appears to fit
the few existing data, but is not well established. For negative Ii, OT is given approximately by

I'
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-( - 18 zlL)-1/2  (6)

Presumably, the same sxpzesaion describes the behavi or of the fluctuations of other scalars.

IV. Spert fAsheric V- bl at Hh Frequencies

a. S actra of wind components. There exists now considerable evi4ence that Taylor's frozen-
wave hypothesis is satisfied at: high frequencies; more will be said about the applicability of this

hypothesis later. n any cane, it is possible to interpret local rime spectra of meteorological
variable., particularly at high frequencies, to represent one-dimensional Eulerian aptce spectra in
the direction of the mean wind.

There nm- xiste overwhei'tng evidence th&t KologorV's law for the inertial subragsr fits
spectra of the horizontal velocity components in neutral and unstable air well, provided that
the height is equal to or larger than the wavelength. In fact, the law:

S(k) * be2/k--5 / 3 (7)

fits one-dimensional longitudinnl spectra even to smaller wave numuers k. Here E is the

dissipation rate. The "universal constait" b, in Eq. (7) is now well determined at about 0.5
for longitudinal spectra when k is measured in radians per unit length. This result fits

observations in the sea, the Air and iu the wind tunnel. Of course, the consrcint for lateral
spe-tra Is about 0.66.

Because the constants can now be regarr as well known, it is possible to use Eq. (7) to

deteLnine the dissipation c from measured spectra. This estimate of dissipation can then he

combined with estimates of the production rates of turbulent energy, ano of the turbulent diverg 4ce

of energy f! , in order to understand th, turbulent energy budget. So far, to the author's

knowledge, all these terms have been mesrured only by Record and Cramer at MIT, Round Hill Field

Station, South Dartmouth, MassachuLetta (1966). Here, as reanalyzed by Busch and Panofsky (1968)

dissipation was balanced locally by mechanical and buoyant production, with the divergence term

being unimportant. This result contradicts an earlier conclusion based on the less complete

observations at Brookhaven (see Lumley and Panoisky, 1964)

Recently, spectra of wind components were obtained from six levels (18 a to 150 m) on the

tower at Cape Kennedy, Florida, during convective cotdtiona. The results were omplex; at 18 a,

the dissipation could be balanced by mechanical /roduction alone, implying thic buoyant productiuo

was balanced by the divergence term. On the ctlter hand, the dissipation at the five levels between

30 m and 150 m could be fitted to the equation:

S=--3 F - 1 Rieff) - Reff (8)

derived f- the assumption of a local balance of buoyant production, mechanical productit and
dissipation. In this equation, Rieff is an effective Richardson number obtained by vertical linear
extrapolation of the measured Richardson nab, r between 18 and 30 a. 4 _ is the friction velocity
at the surface. These results agree with Bus: ger's hypothesis (unpuotshed) that the flux

divergence term is most important at low levels. In any case, Eq. (8) can be used in practice to

estimate dissipation rates up to 150 m and therefore the htgh-trequency components of the spectra
of velocity components at these levels, from observations near the ground only.

The existence of an inertial range in the spectrum of the vertical velocity is less clear.
Observations quite close to the ground often suggest less energy in the vertical velocities than
in the longitudin~l velocities at high frequencies. South Dartmouth observations, analysed by
Busch and Panofsky (1968) and recent unpublished spectra obtained from aircraft flying in the
U.S. Air Force LO-LCt.T project and in CAT (Fig. 3) suggest that the -5/3 law with the proper

universal constant for lateral components exists only as long as the height is at least seven times

the wavelength. In other words, local isotropy exists only for wavelengths much shorter than often

esumed, and for wavelengths much shorter than thnse for which the horisontal velocity components

obey the KolmogorOv law.

Some new observations have become availabla recently which point to the existence of a buoyant

range in the boundary layer. Lumley (19(7) sujgested that the most likely place for a buoyant

range would be in turbulence m' intained ty import from another region. A similar conclusion was
reached by Lin, Panche% and C_rmak (1969) In particvlar, then, buoyant subranges might be found

in a slightly hydrostatically stable layer above en ,nstsle lsyer near the ground. Evidence for

the correctness of this suggestion has recently 7cme frim t! ee independent sources. In two npera
(Myrup, 1468 and Lenschow and Johnson, 1968), spectra in elevated stable layers were measured from

airplanes; in the third (Busch and Panofeky. 1968), spectrt of vertical velocity had been cbtained

by sonic anemometer on the 1500-ft tower near Dallas, Tex&" by aimal and Haugen t,0f7)- In all
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cae s, the spectra are consistent with the hypothesis that the spectral densitie vary as k

Unfortunately no spectra of sralars have been obtained under theze conditions.

b. Spectra of . l.ars t hh frequencies. According to inert!-lrange theory, the high

frequency portion of the one-dimensional spectra of scalars (except pressure) follcw the
equa oV,

Sq (k) - cc /3Nk -5 /3  (9)
q q

Here, q represents an arbitrary scalar, and Nq the rate of dissipation of fluctuations of this

scalar.

There now exist numerous spectra of temperature, moisture and refractive index, obtained fr(YA

towers and aircraft, showing that the spectral densities indeed vary as k
5 1-. Some of these were

summarized by Obukhov and Yeglo (1967).

In spite of the difficulty of obtaining estimates of N, there is now considerable agreement

about the constant c in Eq. (3). Largely as a result of studies by Gibson and Schars (1963).

Grant et al, (196al, Gurvich and Zubkovski (1966), Gurvich and eleshkin (1966) Panofsky (1M69)

it now appears that c equals about 0.7. if k is measured in radians per tunic length. Of course,

the corresponding constant in the structure function is about 2.8. The kIawledge of this constant

now makes it possible to estimate N from fluctuation statistics of wind and of the scalar, or fron

statistics of wind fluctuations and properties of scattered u-jes. So far, within the errors of
measurement, N seems to be equal to the rate of production of the fluctuations of the scaler -- a
statement which cannot possibly have much generality, particularly over heterogeneous terra.in.

Spectral intensities of pressure should vary as k
- 7/3 in the inertial rane. Actual

measurements (Gorshikov, 1967) do not contradict this possibility, but there is so much varistion

in the spectra from case to case to make any definitive stataent of the powar of this law

ianossible as yet.

V. Rulerin Time Spectra in the nerz-Containina Ranxe

a. The spectrim of vertical veloc.ty. According to Monin-Obukhov aim. rity theory, the

ape-tru of a velocity componeno In L- ',,rface layer is given by

kS k - F" a/L) (10)
2

where f E kz.

Up to a height of about 50 m, the observations of ,art~ial velocity agree quite well with

Eq. (10). Further, for a large range of stabilitise, we can replace ui un the left of Eq. (10)

by 0.6 aw
2 where o

2 Is the variance of vertical velocity. Only for ex.reme instability. u,
2 is

smaller relative to o'.

There is now considerable evidence that the relation between F and ka for a given Ri is nearly

u-Aivereal (Fig. 4). Here spectra of vertical )city are brought together from &any sources, in

rautral or unstable air. Under such c ,nditions, the value of P has a uaxinua of about 0.43 for ka

vbe>ut 0.3 -- that is, for a wavelength between 3 and 4 tin*s the height. In stable air, the value

of ka at the raximum shifts to higher values.

Since the shape of the vertical velocity spectrs seems so nearly universal, atteopts have bee1

mau* to fit F by empirical expressions which are proportional to km for small ka and very as (ka)
- /

for large ka. Thur, Busch and Panofsky (1968) recomisnd for neutral and moderately unstable air:

k'w(') 3.36 f
ul2 1 + lOf 5/2U(U

Actually Fig, 4 does show som differencos between the shapes of the different vertic#Al-

velocity spectra; in particular, over the ocean. and in the New Jersey aaltmarsh Wre low-f tqutacTz

eergy is indicated than in the other ti*e spectra. one possible explanation is this, there vs now

considerable evidence that there exist, near the ground. larg- longitudinal "eddies" with axes

slightly inclined to the direction of the geostrophic wind (se, eg.. F r nd f.ylor, 16 and

Ang*ll and Diress, 198). oear the oceans, or generally flat terrain, thr-e eddies are slowly

carried past a stat~oc.ry observer, thus contributing to the low-fr*quency energy. Over rotvh

terrain, such eddies are likely to be brWkes up; however, there are isolated instances where t rots

of strong updrafta --vry 15 minutes or so have appeared at such sites as Sublette, Kansas (Haugen

at al.. 1949) and rookhaven. Ne YORE. where the %eneral countryside is quite flat. Such vortices

also form characteristic cloud patterns , hch hay, been oeerved from satellites. hare eddies

would add low-frequmcy energy which is not dascribed by 4ouin-Obukhov siltarity theory. 'Me

airpl&na spectrum in Fig. 4 ale,> sbows sme extra low-freqkency enrgy which could be due to
longitudinal rolls.
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UP to 50 IN, T!- -tue of kX at the, maimum is essentiaLly constant, Implying that the scale
ot the tubuleince Lan-reas~es linearly with height. Above this le,. A, the spectral shape$ in
,neutral aud W33nAtbl* air respiu 'the same, but kz at the amAxim increases, showing that the scale
of turbulence Increases loe rapil- y with height and eventually becoes constant. figure 3, taken
f rom the Dallas masurements to which ;ome WO-LOCAT airplane spectra have been added, show this
behavior. Ac pointed out, at these higher levels. spectra In stable air no longer obey the 04 / 3

law at high frequencies, so fthmt the shape of 7 now varies with sto'bility.

b. Spcr flniuia idcuepoents. In recent years, spectra of longitudinal wind

components (or wind speeds) have. 'become available from many sites. Sose are published (Berman,I
l?65); others come from varioun research reports and unpublished records, covering such places as
Caps Kennedy, Ohninsk, USSR, White Sands, N.M., South Dartmouth, Mess., as well at variow~ cities.

It is quite clear that theas aeta do not follow simila'iity theory, although the high-f reqiuncy

portions obey the Kolmogorov law, often to wavelengths as long is five t1mts the height.

If kS,(k) is plotted as function of kt, the peak shifts little or not at all with height; if
aimilarity theory applied, !t wku.*ud be a linear function of height Figure 6 showe an assortment

of u-spectra, mostly obtained in strong winds, and therefore small Richardson numbers. It is

clear that the shapes of the spectra from various sJ.L55 differ widely. In particular, the wave-j
length at the maximum varies from several 100 to joveral 1000 mters. It is particularly long

for cities. This suggests that mesoscalo features determine the characteristics of the low-
iro4qjency portions of the u-spectra, not just tne roughness length so which iF a measure of local

roughness. Attempts have been mtade to fit u-spectre to empirical formulae; however, such fits can

be only of limited use for application over terrain for which they have been derived.

The low-frequency portions of u-spectre react to changes in atmospheric stability, decreasing

somewhat as the stability is increased; for more detail, the reader is referred to the paper by
Busch Pt al. (1968).

c. Spcr fltra eoiis Spectral densities of lateral velocities (or wind direction)
behave very much as those of lotigitudinal velocities, only more oo; the kt value at the peak of kSv(k)
is nearly invariant wit!, height. Further, the low-frequency portions of the spectra are extremely
sensitive to changes )f stability, so that in stable sir, there io very little energy for freq--ncies
of order one cycle/minute or smaller (Fig. 7). Since the energy of the u-componenta at these wave-
lengths is still quite large, "eddies" in stable and tneutral air are elonga.te" along the wind.

However, with light winds, In very stable air, meanders in wind directions with periods of
order one half hour are possible; thus the v-spectra ,-mtiass show gaps between this very low-

frequency domain and the high-frequency mechanical turbulenc". (see Lumley and Panof sky, 1964).

d. Spectra of scalars. According to similarity theory, the spectrumn of temperature is
given by

kS r(k)

2 G(f, Ri) (12)

So far, there art very iew places where Eq. (12) has been tested, since usuall'- not all the
quantities in Eq. (12) wers evaluated. The few observations used to test Eq. (12) show tentatively
that it is correct. An an ez~rsple of the normalized temperature spectrum, see Fig. B.

It is likely that the spectra of moisture and refractive indices behave in On analogous Sanner

as that of temperatu.r* but observations are uot yet availablt.

:I. Space-Time Structure

a. Space-time structure of vlocity compoents. According to T;lor's hypothesis, spaes.
correlations in the x-direction with time lag zero are equal to local luler-ian time corrweis-'os.
provided x - ut. This teot of Taylor's hypothesis ham -ecently been repeated by Hlnichuk (1960t
(run an analysis of Doppler radar records of rain at W0 a. Teylo 's hypothesis is remarkably &**a
at that height for values of x upq to 4W0 a.

Mlnichuk a'eo shows a series of complete spece-timce rorrelation curves , which indicate again
that the time scale of turbulence for air following tho wn.'- sotion is three to four times larger

-havt the local Eularian time scale of turbulence. To other vcLrds. the correlation iunction

following the mean motion is not ,,ery nifferent from a Lagranglan correlation function.

The behavior of lateral a~d vertical correlatioce& with varying time lapse is mtost ocftnirkeotly
sealysed throuh the behavior of the coherence between wind cookoornto at various points, and of
the time delay between the arrival of the signal at those poiu-Le jr the "slope" of the *diies.
Davenport (1%1) suggested a kind of gooetri similarity. accoruir& to which the coharence should
depend only aii a stability factor and on the ratio of separation hetween the two points to wave-
length, At. Figure 9 shows from an simple at Wite Sands. N4-v Mexico, that this hypotheesis t
well satisfied; coherences frue many different pair* of levels fall on the sae Ito* if plotted
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ao function of Af. Similar gr2phs were prepared with data fro2 Brookhaven. South Dartmouth and
Cape Kennedy; the nevenport similarity theory seems valid everywhere. Moreover, in each case, a
simple exponential fits the coherence-Af graphs satisfactorily.

In order to analyse the dependence of vertical coherence on stability, the val,- of Af for
a coherence of 0.5 was plotted as function of Richardson nuaber (Fig. 10). In general, coherence
increases with decreasing stability. However, in unstable air, the coherence at Cape Kennedy I-
significantly less ,an elsewhere. The reason is unka. i. Lateral velocity behaves in a similar
fashion.

in neutral air (strong winds)- the coherence of wind speed has been analysed at additional
sit R by Devenport (1967) and Shiotani (1968). All data agree fairly well with the equation:

coh(n) - e- 16 Af (13)

where Af can be computed from U - nAs/V (As is the vertical separation, n Eulerian frequency and
V the mean wind in the layer As).

In shear flow, a gust will arrive at the top of a tower before it arrives lower down. The
eaddies" slope with the wind shear. Such slopes defined by Lf/Az were analyzed at four separate

locations, ,nd were always larger (longer delay between arrival at different levels) for the
lateral component v than for u. Generally, the slopes varied between 0.5 and 1 Zor the u-components
and between 1 and 3 for the v-compoents. They tended to decrease with height (s.e, e.g., Fig. 11).

fhiotani (1967) has analyzed lateral conerence between wind components at 40- height in strong
inds, with saparaticns up to 100 a. Again, Davenport's hypothesis is correct, and exponantials fit

the relations between coherence and ratio of separation to wav-length. In fact, Eq. (9) is valid
if Af is redefined as the ratio of lateral separation to wavelength. Tse se relation is also
valid in wind tunnels (ace Davenport, 1v3). Of course, it eould be remembered that Shiotani's
ot. arvations were taken in strong winds, and therefore Eq. (9) applies to lateral coherence when
-,ichardson numbers are small. The fact that Eq. (9) applies both in the vertical and lateral
L LSction "u#Sests circular symetry in vertical planes at right angles to the wind in hydrostatically

neutral air, sqgesting stremnwise vortices. It would be tempting to suggest, for the wind speed or
longitudinal ."nd component:

e16 rn
coh(n) e V (14)

whore r is any separation in a plane at right angles to the mean wind, and V is the me:, wind
spee.

b. Sgips-tims correlations Zor scalars, M. C. Thompson (1968) determined structural
characteristics of refractive index by measuring croe correlatious in three Cartesian directions,
for separations up to 150 cm near the ground. He did not, unfortunately, test Davenport geometric
similarity. A later examination of his data suggested that Eq. (13) is valid for the largest
separation easured, but the coherence decreases more -lowly with Af for smaller separations. As
in the case of the wind components, the index fluctuations at the top of the vertical mast precede
those at the bottom, and Ljo slope again, is of order one. The same result follows from an
analysis of temperature flUCtugtina at South Dartmouth where the delay of tt.e temperature is
about the eam as that for the longitudinai wind coaponent.

Also, the refractive index, correlations aIon& the wind were highest when the separation and
time delay are related by x - ut in agreement with Taylor's hypothesis, Thompson also shows that
the lateral scale of the refractive index is considerably smaller than the longitudinal scale,
and vertical scale is near the lateral, again making circular syaetry a possibility in strong winds.

Finally. ac, a comaas will be mads on Lagrangian time correlations. Their scale seemas to be
about the same a that of gul.aria' correlations following the men motion.

Angell's study (194) of constant-le,-l tetrahedral balloous, compare, to records made by a
vertical vane at 2500 feet eggests that UAe ratio of the scale , Lagrangian time correlations to
that of local gulerian time correlations is inversely proportional to th: relative turbulence
intessity. ' t is here sul ested that this ratio 6 is beat represented by

8 0.45 V (15)

where a is the stasdard 3evietloo of the vlocit' cotpoenot involed. This recult fits Anaell's
results fairly well as well as those sumarised by tWaley and Panofsky (196A).
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VII. Structure of CAT

In the free atmospheie, shear layers can develop which are analogous to "fronts": air masses
of differing temperatures and motions are brought together along a narrow, sloping volume, acroas
which both temperature gradients and wind shears are large. The vertical extent of such layers is
from about 100 to 1000 m. Since the Richardson numbers are inversely proportional to the square
of the vector wind shear, they can become small and dip belcw the critial value. At that point,
unstable Kelvin-Helmholtz develop, grow and change into turbulent flow. This process has also
been observed in the laboratory and in the ocean.

As mentioued before, spectra obtained in CAT invariably show a k
-5/ 3 

region and local isotropy
for high wave numbers. There is less agreement about the structure at lover wave numbers. Flights
along and across the flow suggest the existence of longitudinal rolls, as discussed for the
turbulence in cle atmospheric boundary layer.

There is also some indication that the impetus for the breaking of the waves may be given by
mountain waves, which have wavelengths of .rder o' several kilometers. These .-vez are sometimes
seen in the registrations of tte velocity components. It is also clear that aomntains produce

locally subcritical Richardson numbers, even when the average Richardson numbers are too large for
turbulence. This accounts for the spottiness of some of the CAT, as well as for the fect that it
tends to be relatively freque- and severe over mountains.

In general, the total turbulent energy in CAT tends to increase with the vector wind
difference across the "front", and to not well correlated with the Richardson number, provided that
the Richardson number is small enough to permit the formation of CAT.
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Figure 1. The ratio*. U ad a an/u function of B at many s'tms.
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Figure 2. The ratio G.w/u* an functiono f all. accoring to %ay sourcea. Cocfidimcm narwaL
represent stmanard Aeviatioai of meansa, assuming all observations are inkxpmedet of
each other.

figure 3. Spectra of vertical velocity &0 maurod by the latioca! Aaeasutleal Istablobewt
of Canada, Solid line., observed. troka line., -5/3 law,. k~ath-er, 1%7).
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Figure 4. Comparison of vsrtical-vwlocity spectra in neutral to slightly unstable air at various
loations. a. LO-LOCAT, 76 a (averaged neutral and unstable. b. South Dartmouth, 13
to 91 a (neutral). c. Dal'-s, 46 r (unstable). d. Hanford, 3 and 6.1 a (neutral).
e. New Jersey saltmarsh, 2 to 4 a (moderately unstable). f. Over sea car Vancouver

N..,

Figure 5 Variatioc of vertical-volocity spectra with height in neutral to slightly unstalte

air. Dalia a. 46 a; b. 13- a; c. 22" a; d. 320 a. L-LOCAT: a. 229 a.

Figure 6. Asorted longitudinal-ve o1itJ spectra In rstral air at various locations, a. St.
Louis, 76 a. b. Nov York City, Telephone Bld4., SW twinds. 177 a. ,. Brookhaven,

91 m. d. South Dartmouth, 15 to 44 i (neutral and wntable. t, Nov York 'Aty,

Mall St. Ter, 11M1 winds. 200 a. f. )Motrsel, 76 a g. Hanford, 3 rAd 6.1 a.

b, Cape Kanedy, 90 "A 120 a.
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k. C/0

Figure 7. Spectra of lateral velocity at South Dartmouth, Mass. Stable: e. height 46 a;
b. height 91 a. Unstable; c. heights 15 and 16 a; d. heights At' and 46 a. Neutral:
a. ,eigh' 15 anid 16 a; f. heights 40 and 46 u.

Figure 8. Spectra of tvaparaturv at South CArtwouth, Mass. a. stable, hegnts 15 to 91 a;

b. unstable, he*.hts 15 to 46 a.

Figure 9. Typical .e4=padn ce of cohereOce on f. White S~ad,, New Nxio, levelsm: 2 at :-.9 .,
3 at ".q, a. 4 at 53.3 a, 5 at 68,6 a, 6 at 91.4 a, 8 at 152.4 a,
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Figur, 10. Dependence of f 0 , 5 on af for the u-cumponent. olid line, fit to Cape Kannedy
site; bro.en line, fit to ate a other than Cape Kennedy.

uv
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Fgure 11. Slope of eddies for the u- and v-coIponetu of the wind aa fut aio of a?! .
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The firC" term vanishes becuse it represents the integral of an odd function
which vanishes ato . The integral in the second term is equal to n and
so

U - AzAk0

and u - 4jAzAk Coskx (2.1)

ThE rate of increase of vorticity by advection at a pcint x , which
equal to -7Az au/ax , is therefore

..( tz)'Aksinkx (2.2)

At the same time the slope of the density discontinuity is such as to
increase the vorticity at the point x along the layer at the rate

-gPz 7 A Coskx - gAzAk Sinkx (2.3)Xi

where 0 is the stable stratification in the layer. If the sum of (2.2)
and (2.3) is positive where '- kx is negative there will be a total
accumulation of vorticity at ti., downward sloping nodes, towards which i't
is being advected; and consequently the wave disturbance will gro-a if

i.e. k > 2gP/ AZ (2.4)

The classical theory of the instability of a vortex sheet shows that waves

grow ike exp iup! where, in the conventional n.:tation,

iT - k I plP2 (UlU 2 ). (pl+P2 )(plP 2 )] (2.5)PI+0 2 1i)-gP+2(lP

when k > k andc

k (pl-P 2 ) (p+p 2)
c pP 2 (UlU 2 ) , -- (2.6)

The velocity and density discontinuiti,.s are jAz and Az and so

kc  2g0!'Az (2.7)

which gives the same result as (2.4).

Thus the instability arises because of the accumulation of the vorticity
of the layer at the alternate nodes of a wavelike disturbance. In otost
steady flows there is a balance o' forces and instability merely means that
in a lisplacement the balance is disturbed so as to produce an acceleration
In the direction of the displacement. But in the flow due to a ;iorizontal
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vortex layer in an iniscid fluid the hydrostatic pressurt. gradient balances
gravity and so the physical forces are always stabilising. What happens is
that the deformation of the layer produces curved flow and the creation of
n . pressure gradients by centrifugal forces. Some particles travel down
the new pressure gradients and are accelerated, s( that energy available
from the mean motion becomes concentrated locally in the vortices.
Evidently a concentrated vortex layer is necessary for a very deep layer
of uniform vorticity is not unstable in this sensc. A dis.ntinuity is
uns.able for all wave numbers greatar than kc , an- so the thickening of

ae lyer excludes waves at the small end zf the length range from in-
':tability. The general problem of L.yers of finite thickness has not been
olved but the critical wa-.e number for a lavr of uniform -9 and

and thickness ti must, if the Bousainz:q approximation be made, satisfy
an equi iou of the form

F( , kch) - 0 (2.8)

with a similar equation for K. . the wave number at the small wavelength
end of the unstable range. According to (2.7)

kc - 2g /h

or 1 kh - Ri (2.9)

while for a given Ri and form of stream profile, we must also have

K h - const (2.10)c

which implies the already rathcr obvious conclusion that an increase in
layer thickness increases the wavelength at the small wavelength end of
the unstable range.

When instability sets in on account of a decrease in Ri , a unique
finite wavelength, determined by h and the pmofile of Ri , becomes un-
stable first. If the mechanisms decreasing Ri continue to opc-ate while
the instability gets going, the actual growth rate may be fairiy large,
and is likely to be a maximum at a wavelength close to that which first
became unstable.

This view of the sequence ot events does not require the imposition
o' n additional criterion to select, from a range of unstable wavelengths,
one that will actually occur.

When billows occur a cat's eyes pattern of moti),, develops in which
the -hase of the waves is opposite above and below the layer, whereas
initially the phase is the same at all heights. Within the cat's eyes is

Fig. 2 Development of cat's-eye pattern.
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a region of altiple static instability once the vortex layer has become
sufficiently rolled up, and this must become mixed up into a region of
uniform potential temperature. As the internal motion degenerat-7 the
mixed region spreads out under gravity into a horizontal layer whose depth
H is 41ated roughly to the original wavelength 2%/k by (Scorer 1951)

kH :t- 2x/ 2. 7 (.1

Since the original instability set in at a Richardson number of less than
1/4 we must have, according to (2.9) and (2.11) that

2x

H/h *- i > 5

and so the instability actually effects the mixing of a layer at least five
times the depth of the originvl vortex layer.

When the mixing is complec.e t,,e original stable layer has been re-
placed by stable layers at the top and bottom of the original layer.
According to Thorpe's experime-ts (i968), r.usped waves are then likely to
occur at these two discontinuiLies with the well-mixed fluid protruding in
cusps into the unstirred region.

3. The generation of small Richardson number layers

If the flow remains laminar and adiabatic the static stability may t>e
altered by a velocity field which varies the distances between isentropic
surfaces. But the vorticity is altered according to the equation

DW Dv
div v +  '.. v + f x -(3.1)

w &Iadv 0 potential temperature (3.2)

and the flow is inviscid. The equation takes this form because we can write
& rtl for the usual I&adp in the equation of motion where

1=!p LI=

PI being a standard pressure, and the other symbols having their usual
w~aning.

The term in (3.1) in div v produces a negligible effect. The
term (w. i) _ is zero in 2D motion, and in the third term >> D/Dt,
at any rate before billows develop. If the motion is steady and q is the
ai, speed. f is the mag.iitude of P. , and suffix 0 de.n.-es the initial
state in horizontal motion, continuity in 2D motion requires that

-q a const 9a
00 (3.4)

* The trans., rse tomponent of vorticity changes at the rate$
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!Y . q_ .gsin? (3.5)
Dt

where * is the incl .tion of the isentropic flow surfac.es to the horistatal.
Thus

z (3.6)
qo0

where it is the vertical displacement of the fluid aa it travel* alorng thestreamline. In unsteady flow the corresponding equation would be

S,-gOSt sint (3.7)

The Richardson number of the layer is 4iven by

Ri - g /(+ )

- 0e/ o& z)' by (3.6) (3.8)

The most interestin3 case is where o is large in a shallow layer initiall,
without any shear, after which the Ri is decreased by tilting of the
layer. Thus Ri -0o , and Eubsequently

C

Ri q 0o'/pgo '(h),

(3.9)

In this it is seen that th. vortex layer, where "i is smallest, will tend
to occur where 0 is laret. where (9z) is largest, and q is iallest.
This is the most iuportant case for uz to consider.

if there is initially a strawise cocponnt of vorticity 3f it is
incre*sed by stretching in 2D motion in a region of acceleration of the
flow. At the *am- ciao the static stabiliy is increased by a dacrease in
the streawline spacing. Thus

q (3.10)

and

Ri

0

0 i (1-Sq/q) approximately (3.'I)

0|



ThiL "hows that a streamwise acceleration does decrease Ri even ttough
is increased; but the eifect is not large. By contrast if there is only

a transverse component ot vorticity i in a region of streamwise acceleration,
since i is unaltered Ri is increased by the increase in P .

In 30 motion the situation is very complicated but even so the most
significant effects are due to tilting and are effectively represented by
(3.8) and (3.9). The most common cause of tilting is the inclination of the
streamlines in mountain waves. The vertical displacement satisfies the
following equation in steady ) flow

i'S; + 2ao 2z+ -

for small and moderate e-plitudes of. . Here mo - U- 1 u/az in the
undisturbed stream, and this does not initially have particularly large values
at levels where 00 is large. The horizontal derivative3 of 3_ cannot vary
significantly wit" height, and so where Po is large a' /az' must also be
large because 6/az cannot be large in a shallow layer without a'3-/az2

also being large. This means that at this level the curvature of the profile
of S is exceptionally large, and so usually r has a well defined maximum
at that level. Consequently, levels of large 0o are very likely to be the
levels of greatest ($z) , which emphasises the effects of mountain waves in
changing Ri.

4. The origin of the statically sta:le layers

It has long been well known to glider pilots that the wave amplitude in
mountain and lee waves has a maximum at the top of a cloud layer. This
happens because cloud layers are cooled more than the air immediately above
them by infra-red radiation to space, and so they are layers of large 0o
and therefore of maximum 3

Subsidence inversions are not commonly produced in situations other-wise
favourable for mountain waves, but when they act as a limit to cumulus
cor-ection the subsidence causes widespread evaporation of the cumulus tops
and a cooling of the upper part of the convection layer. In general this
can happen to any convection layer in which clouds participate.

A less obvious source of stable layers is a larger scale instability
it an airstrem with a verti4al gradient of wi .d. In a geostrophic 4ir
stream of static stability 0 , with wind gradients au/az and du/8y in
the vertical and low pressure directions, a parcel displaced a vertical
distance c would experience a buoyancy force g~c and so, in being dis-
placed a distance c would absorb work of amoi;nt

cc

g~1c~ - 4~c' 4.1'

It would then have a vvlocity anomaly caulaz as a result of the displace-
mint, and would expericnce a coriolis force anomaly fcau/6z . If it
underwont a horisontal transverse displacement b 3n the direction of this

ce it would receive work equal to

fbca/az (4.2)

I
1-
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In this displacement ' it would acquire a velocity anomaly b(au/ay-.f)
and the work done by the resulting coriolis force anomaly would be

.avI -f) b' (4.3)

If a1l the particles in a cell of aspect ratio b/c circulated in

vertical planes transverse to the motion the circulation would gain energy
if (4.2) and (4.3) togethe-r exceeded (4.1). The disturbance would therefore

be unstable if

au c au r
b (4.4)i,

This criterion can be derivcd (at much greater length) by conventional
perturbation techniques.

It is unusual 4'r au/ay to exceed f and is more generally of the
order of if in typical cases. But c/b can be negative, and so can
au/az , and a real value of c/b exists to satisfy (4.4) if

>Lf auJ (4.5)

If we write equality in (4.4) and (4.5) we have that

f 4(f (4.6)

-3
which is typically of the order of . Thus if it were n km wide the
cell would be n metres deep, and for a typical case in which au/ay - if
we require that

> (4go)% (4.7)
az

for Lnstability. The right of (4.7) is typically of the order of 5xlO - 3

so that a wind shear in excess of 5 m sec -1 km-1 , which is quite conion,
would produce instability.

The growth rae is necessarily uZ ihe order of an e-fold increase
in a day because the coriolls forces are the source of the instability but
layers a few tens of metres thick with large vertical gradients of r
could be generated in an airstream of large au./ which is necessarily
one of 1.rge tr!/y

In jet strcr.mas )ver the ocean these could easily be generated r--',
to produce billows as soon as they ar, displaced verticaily by flow over a

uu, m.in.

i
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5. The significance of billow clouds

The forms of clouds are !-stly dominated by the motions produced by
buoyancy forces due to the latent heot released by condensation. We have,
therefore, to distinguish clearly those in which the cloud is simply a
passive tracer of motion. Often a pattern of mtion exists which becomes
visible at the moment cloud first forms and which is modified when the
buoyasicy forces become i.Nrge. Generally, when cloud is only just above its
condensation level it is a good passive tracer, and the wavy motion over-
turning into rolls can often be seen. Billows are by far the most comuon
clear air motion pattern seen in this way, Various features of convection
from hot ground can be seen when the thermals just begin to reach the
condensation level, and cirrus streaks and aircraft zondensation trails
show up various rather slow motions deforming the air: otherwise only billows
are common, and show that the billow form of dynamic instability is the most
importaint one. We are concerned therefore with a quite specific form of
'turbulence', and not with a vague kind of 3D eddying motion prewm ed to
iraw its energy from the shear of larger scale motion.

On the otwior hand not all billow clouds are formed by the generation of
shear at very stable layers. Many are % form of cellular overturning which
is a~ranged in rolls by a rather small shear in the overturning layer. It is
not profitable to think of such motions in terms of cellular convection
patterns in viscous fluids and it is probably more appropriate to think of
the reduction of the Richardson nu.br by a decrease in 0 .,hich eventually
becomes slightly negative than an increase in the Rayleigh number in which
the coefficients of heat and momentum transfer are quite meaningless in this
context.

The radiative heat loss from the top of a layer of cloud fairly quickly
renders the cloud layer statically unstable. The overturning is nevertheless
very clow by comparison with that in Helmholtz instability. The cells are
arranged across the shear vector because the vorticity generated by the
buoyancy forces is small compared with that already present which, therefore,
determines the direction of overturning. The fact that the upper and lower
surfaces are n-L rigid means that a pattern of motion like the cats-eye
vortices can develop, with all the cells rotating In the sme direction,
since they do not have any common boundaries on which velocities of opposite
sign would have tz be present. When the vorticity generated by buo,,ancy
forces is dominant the motiot takes the form of streets aligned along the
qhear vector, with opposing rotation in adjacent cells.

If rte billows formed in the way described are indeed a form of
melmhoitz instability the velocities will clearly be small, when Ri is
reduced by a decreaie in , compared with the other case in which is
increased.

Convection or billows in cloud layers can leave a cellilar pattern of
humidity in the air when the cloud evaporates. The pattern reappears when
condensation of cloud next occurs. In the meantime the air can remain
unatirred with the decrease in density due to high humidity being exactly
compensated for by a lower temperature LT which is apprc~mately equal to
one sixth of the wet bulb anomaly.

Wdhen a stable layer is overturned and well mixed, it Is replaced by two,
probably thinner, stable layers at the top and bottom of the aixed layer.
Cons.,;"-ntly, in passing through mountain waves billows of different wave.
lengths sad orientations may be formed at almost the samw level. Each met
of billo s may leave it imprint on the htmid distribution, so that a
clou-. layer may appear to have several sets ox llos in it simultaneously.
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6. Other forms of clear air turbulence

In emphasising billows as the dominant form of dynamical instability
in the free air we must not appear to assert that it is the only form of
clear air turbulence at these Iltitudes. There are other possibilities,
but most of the likely ones invoke hydrostatic instability or the presence
of rough ground. In particular, all other forms of 'turbulence' in gravity
waves require hydrostatic instability, and they come outside the scope of
this paper. Reference may be made to the books and papers listed at the
end.

Scorer, R. S. 1951 Billow clouds. Quart.J.R.Met.Soc. 77, 235.

1954 Theory of airflow over mountains III
Airstream characteristics (esp. fig. 2)
Quart.J.R.Met.Soc. 80, 417.

1958 Natural Aerodynamics, pp. 1h3-4 and 243-4.
(Pergz'-on)

1961 Paper no. 7 in R.A.E. Symposium - Atmospheric
turbulence in relation to aircraft operation.

(H.M.S.O.)

1970 A Colour Encyclopaedia of Clouds,
Chapter 6 - Billows. (Pergamon, in press)-

Scorer, R. S. and Wexler,
H. 1963 A Colour Guide to Clouds, plates 32, 33.

(Pergamon)

1968 Cloud Studies in Colour, plates 61-64 and
fig. 9. (Pergamun)

Thorpe, S. A. 1968 A method of producing shear flow in a
stratified fluid. J.Fluid Mech. 32, 693.
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Liountain caves in the Stratosphere Uoaaured by an AirwraLt over the
7estern U.S.A. during February, 1967

A. UoPherson
J.M. Ilichols

Royal Aircraft Etahl - e'Tt, .Ddford, ErlaM;

1. Dn ODUCTTOH

Mountain waves are one possible source of high altitude disturbances suffiaient to affeot
the operation of an aircr&Lt Lhe other chief soure is, of courfse, thundorstonm). (ear air
tlLu-bulence (CAT) enooorters a", coLunr at and below tae tropopauge in conjunction with wave
a-tiv'ity cver mountainou t:rr-in. It is also knon, from experience in gliders and from
'sother of pearl" cloudz, thet mountain waves pro;zgste through the trapopause well into the
stratosphere. informaticn on the wavelengths, a plitudes and associated turbulence of
stratospheric waves is, however, r t thur spawre &nd, in view of the growing aterest in the
stratosphere with the advent of the supersonic trMasport aircraft, i. was felt to be important
to Cain a reatcr undaatandiiC of the nature anl maGnitude of dieturbA....z in the stratosphere.
The stratosphere is, in general, a stable layer in which it was anticipated that diet..rbanoes
transmitted through the kropup-uee would ba damped out. It was known, however, that in some
conditions disturbancs could propogate into and be amplified in the stratosphere but it was not
clear under .rhat conditions or how frequently this occurred 1 , 2 .

7hile the primary purpose o the present tests was to inveatizate 'he nature and nacnitude
of disturbances in the stratosphere, it was also considered importa-nt to assess their
predictability. Tropospheric iountain waves can be predicted with :'me confidence froQ
reteorologioal considerations-1 and it was hoped that this exercise would provide data fron
wich the propogation of troposphkt-ic waves into the strAtosphere could be forecast with similar
success. In addition it was honed to gain a feel for te circumstances in sioh nwntaia wase
contained marked turbulence and changes in outside air temperature.

Te Canberra PR 7/? 7111 793 operated by Aaro li.it, PAE Bedford, was based at the NASA ames
Research Center, California froc late Janutlzy until tie end of February, 1967 on Protect
WAVMIDM, a part of the .7eneral NAL proEgraaie of research on Righ Altitude Atmospheric
Dasturbances. Thirteen, flights were mv.se over aountainous terrain, mainly in Zaliforr-a and
Nevada, but on one occasion over Utah (see Pig. I). A -73 aircraft operated by the Canadian
National Arouutical 1stablishnent (1,AE) was also bsed at Ames durinS F briv' f ad, on mArny
occasions, it flew At tJhe saiax time ant in the same area as tl- Canberra. - e la er .7e% t
and above the trr.cnause ap to 50,000 ft (once to 54,000 f" ' hile the '3 .ev at and uet
bilo, the troliopause.

&wh fltht was pianned on th basis of a tropos:-iaric aountain wave forecast (ace Appndix
A) nade by a mesber of the trials e&' based on information p-.avidcd by the :.aath-ir Dure&a
Cf'ice at -an Franc soc International kirjort. :ount:ain ,ves are lli'o be foind -hen there
is a fai-l.- stron_' wind 3ooponent at ri.wfkjales to a nounta .n ra-ee (20 kt or core at mourtaii
top height, in- 'asiu at greater heivt) -nd the tam-'erature profile shows stability near
nountein top heioit. Lp1per ai- reports from civil airlinea and hourly cloud reports from the
su.rface ware also t-ien inbo acooont. .hecever poasible ti e Alrvraft flew over an arw where
st:oni tr os:lhoxic lee wave activity Was fcrocast. Zn soce c-oaions, however, stronrj wr--e
activit) 'aa out of ranee, and on these days flights were nade in the rrwa nearest to baee where
,V wave aotivity was x[roteil. Several hnrizontal lee1 9 displptoed at heitit intervals -f from

one to five thoaand feet flon one arather were nozt.>llv flown from .bout X- n uriwind of the
nountsin to W rm downiind, On a few oocasions the t:ac: was rvose-wind, :'' al to the dgew
aM some 20 nm on tle do~m-.ind sieo. The li-ht levels were choeen in early flli.its on the
basis of the heiett f t e tropurpaune but in lat r flights, in the light of nvpilrierce eined,
te nirkft flew ". the hei.ht of disoontinuitiee in the 1iqd or teoperature "file in the
strntos-*ere. Moit of the rona ;Yre in thie !oest 13,C'%X ft of the stratosarire. lien the T33
acompaned tle aberra, it patrolled the rreion of t;h tropopsuse alon7 th, sane bpo'ind track

ird at the Sep tire.

Nino of the 13 flights yieh. I valuable data x'd te. se forn tLe basin of the disoussioR.
1i re.aults obtained by the 73 3 whi ch is Also . ly in!;tnented, are publiahed .- arately'.

2. '711 ?SST ARAT Ai7 AN-) T. JtCZI'A

C Tbe 'a . 793 - > the F9 -utotye :evclozd Pa he 7 by increfsirk: the arg, area,
fittinef wor- powerfld "L .ine-' and powered aileron ' ",.!Wer ontrolR. 7he airvraft in ited

"fllsturbfncea' :- used thr->u44)ut t -. i papor to ir'dicate any ?hwnoerton, stu:.h as ':uts or
ch hwns in outnide Kir t.n erature, whic, nijit sffcf .e operation of w- MircrAft.
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wth11 ving-tir. tanks one of whiuh contains a weather radar antenna an(. the other a forwar'd
looking 10 Qm camera. There is a:lso a nose pole carryirZ an inoidenc- vane and a pitot head,
supylinZ pitot and static pressuire tco the pilot's i:natrumente but piitot pressure onily to the
recorder. The etatia pressure for the recorder is pnovicled by ver.s6 on tile side of the fuselage
and this Cives rise to a difference be~ween pilot reported and rc-orded hsight and airspeed
which has been allowed for in th,. alyzds. Navig;ation aide include YACAN and doppler,

Reordinz~s were mmle on two oscilloL-xaph recorder-' runnin,4 lslov."1 and "fast" respectively.
Zip slow reoorder measures airspeed, barometric hcif"',t, normal acceleration, outside air

tat~ <atueelevator anr~le and pitch attitude. In~ addition this recorder- was used to givo
te~ *'bronisation b y means of "event" marks by the pilot or navigator, and by synch=onous

pulses fromv the fast recorder and camera, The fast recorder duplicates measurements ofl outside
air temperature, elevator ar.,le and pitch attitude in addition to measuring incidenoe, pitch
rate an~d a more neneitive oormal a.j l 4 on.

The slow record'er, which ran throughiout; the fliiht, woo useO tc calculate the lorC wavelength
ovponents of the wavas, to edit the fast rec~jr'der records, and to provide temperature information
at varying heig3hts to supplement the civentional meteoroloEgical rad-;oscnde "~asurements. The
fast rooorder has limited duralli and i- oiily switched on when the pilot conaiders that a
sig~nificant event is occurrinZ or is about to -'coin. The fast recorder recordo weres used to
measure fine detail and true gust velocities in the more turbulert regions.

The transducers used for the recordings are conventional instrumente with inductive pickc-
off, except for the pi tch attitude itrfornation -:hioh is obtained from a standard aircraft
horison gyro uErit with & potentiometer fitted. Outside air temperature is m euxed by a
Rosemount 102! rkap~ response optor. platinum element total temperature sensor?* All instrment.

wxcalibrated bvifore and aftrE" the exercise,

3, ~EOTS OF' LI(P7 OVER iLO~UN US TER&IIT

Mhe Canbeo.ra is vell-instumented for gust research studites. Tru air mo~tion is
established by well-tried methods from mecAurements in turbulenoG4 but now methods had to be
65esbiahed Uo 1echic tlye loneer wavelengths Gsaosiated with mountain waves. The first of these,
a method of isentrcpio analysis, is based on the assumption that the vertical profile of
temperature is the ssw.e in disturbed flow over mountains as it is upwind of a ridge. The method
is suw.aised in fig. 2 and is now described. A composite upwind stratospheric vertical
tse...~zur* profile is as. -ibled (left iide of fie. 2) which usually in, -ide two or more
radiosonde secants w.1 the aircraft-measured temperature upwind of the m. intain range. From
this pxvofIle a, potential temperature profile is deduced by assigning to each height the
tamperature the air at that height would ach!i - 4f it ws doscended aiabatically to the

,oC_..b level (approximately to sea level). 'The airaraft-mesaurad temperature along a run at
ooasr't height is converted to true outside air temperature byL including the effects of kinetic
heatink and further converted to potential temperature (rieht aide of fig. 2). From these
Leauremento isentropes (i.e, lines of oo~kstant potential tamierature) can be drn as showin in
figC. 2. If air has a velocity relative to an isentropic surface and if the isobaric or height
Cradients on the surface remain constant with time, then the air is flowing along the isentropie
.urf-%e. A vertica section through the surface alone the wind direction. will producee an
ioentrc,,e which will be a trajectory of airflow. In mountsaz, wave conditiune the measured
isentropes w,."1 closely correspond h. waves.

The second method makes use of the principle of conservation of energy. If the aitrcraft is
trimmaed and the power is not changed thon waves will cause changes in height and aim.pe"& It
it is asumed that th, wind speod is approyimately constant along the path of the aircraft, then
the measured airspeed chandea can be converted to equivalent height -ihangee (i.e. kinetic oergy
ig transformed into potential itcergy). Thlese, height changes are added to the actulal height
oharV~eo measured to g.ive the effective wave motion. Both methods, which show reasonable
areeoment, are used in the analysis of the results.

Canberra 'Mi 793 was based at the NASA Ames Re~earoh Center, . ffett Fiel~d NAS, Calirnia
i'rori January 30 to Vebruary 24, 1967. In that time 13 experimental and 2 other flights -"itrt'
nale 3%9 hourci flyig time, Si:gificant disturbances were found on !PehruarY 3, 9, 13 and 14
arl lenser disturbances were noted on January 30, February 7 10, 15 and 24. On the remaining
four experiental flights (January 31, February 6, 16 and 205 no disturbances were found and
none were anticipated. On coo occarions (February 13, run 6 and February 14, run 2) the
disturbances were so sevre that the pilot partially lost coat,'ol of the aircraft and did not
reaain full control antil several thousand feet of heitght had been lost. It is clear that very
mark~ed aLieturbances roan exist in the stratosphere but the frequency of occurrence of such events
caniaot be dedaced directly from the results of an exercise such as this where ocmparativetly few
flighta are made In area.- selected because they are likely to contain disturbed air. Som
gence. inferenoes ca. however, -i made on the meteorological conditions prevailing when the
diaturbancee were found, and these and some general implications to the operation of aircraft are.
diszussed in section A.
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3.1 UaveMotio

In general, on days when the trepospheric wave intensity was probably slight to moderate or
les, the eat ospeio disturbances ere ii the m..n ixrestuar with a.piltudes of 1,000 ft or
lass (janary 30, February 15 and 24). Aplitudos do, however, app r to vary little with
height. trains of stratospheric wwves appeaxed on only two of these days, Pebruary 15 and 24,
at ene height on each dsk. Me lee wave amplitudes were leas than 300 ft and wavelengthn were
approximately equal to the natural wavelength and less than the calculated tropospheric
waveleugth (see Appendix A). It may be concluded that on the days of little tropospheric wave
activity stratospheric disturbances are also slight. The data from February 7 is not included
since the only part of that flight in the stratosphere was over non-wountainous terrain.

hen the probable intensity of the tropospheric .aves was moderate to strong or g eae;
(February 9, 10, 13 and 14) well developed waves, as .ndicnted by the iseatrope s, were present
in the stratosphere. On Febausy 9 and 0 there were negligible tanporal variationa in the
atmospheric parameters governing wave structure. "he isentropic patterns were stationary, wave
amplitudes were about 1,500 ft with no damping with height, And wavelengths were greter than
the calo lated tropospheric wavelength at. =,,cb great- then the nataral wavelength.

On Febr=zu.y 13 and 14 the aircraft encountered violent disturbances whioh oawed the pilot
temporarily to lose control. The pilot described the incident on February 13 run 6 in thee
tarma: "At 50,000 ft the aircraft onwcantared a strong draught and as power was r*ducod to
fli&t idle the aircraft acoelerated to 0.82 M21 (0.02 above MM) in a 1,000 ft min 1 rate of
desent (notes power idle). An stimated 40 lb one-handed pull on the stick produoed little
or no response to elevator. Both hands were then used and an 80 lb pull redou speed to
0.80 ,MN. The airoraft was finally levelled at 47,000 ft". The pilot desoribed the incident
on February 14 ran 2 as follows: "The aLreraft entered a climb at 2,000 ft min-1 with 87 rim
with the DIM insorasing from 0.775 to about 0.791 Suddenly, and without an warning at all,
the IAB dropped in under one xecond from about 198 kt to 150 kt at 47, -0 ft (ep.ioximately
100 kt tiis air speed char.,e). The airflow could be heaLd breaking away from tne caopy and I
was conscious of the aircraft continuing upward even as I applied about -U- forward stick (this
could easily be he efect of -e g). The aircraft bunted over at about 150 kt. 'To pre-stall
buffet was felt although the airflow was distinctly heard as it broke away over the owiopy.
After the aircraft was diving astisfactorl.- the speed inoreased slowly and than jumped suddenly
to 200 kt/0.81 W] . I held the aircraft at 0.8 and descended to 42,000 ft to gather my wits.
A check on the g meter showed -1 g". Both days were chracterised by strong tropospheric wave
conditions, by some change in the controlling meteorological parameters during the period of the
flight and by adjacent layers of Ugh and low stability in the stratosphere. The stratospheric
isentropes corresponding to the waves are shown in fig. 3. The amplitude to wavelength ratios
of the isentropes were the greatest of the flight series (with the exception of February 3,
which is dise-Raed below). The wavelengths were close to the natural wavelength, and the
vertical iariation of waveletgth on each day suggests that wavelengths in ohangine meteorological
conditions were determined by the vertical variation of the wind and temperature fields: the
data from February 15 suplorts this view. 1requently, in chw.,ing conditions wave amplitudes
apeared to increase with increasing height or time. If the increase is time dependent then it
could be due to temporal changes in L-Leorological paroceters over a particular mountain range.

On February 3 the flight was made nore or less across wind so that the measured isentropes
do n-+ correspond to waves but merely irdicate the presence of wave flow. On this day there were
large amplitude (second to those of February 14), short wavelength disturbances at the tropopause.
Although no temporal changes were occurring during the flight period in the meteorological
parameters governing tropospheric 1, wave intensity, the stratospheric lVse rate was again
oharaoterised on this day by adjacent layers of high and low stability.

It is impossible on the evidence of these few flights to assess how far stratospheric wave
parameters are dependent on topography. All the flights ware made over mountainous terrain, but
it should be noted that the large amplitude waves of :ebruary 13 occurred to the loo of mountains
whose crests were only 3,000 or 4,000 ft above the general terrain.

3.2 bulenoe and "e eratureqge

In mountain wave conditions encountered during 71AVIDEM there appeared to be a rolationshil
between temperature charoe and turbulence. The :Ur in the trughs of mountain waves in the
stratosphere is at a higher tenperature than the surrounding air since the wave has caused the
air to descend from a greater height and during this (1 scent its tv.mperature ittureases
adiabatically. An sho gn below, turbulence tended to oodur in the troaahs so that there was a
relationship between turbulence and temperat xre increase in mountain wave conditioma. Hot all
troughs nont-tnA r.xtohes nC t,,rbulence and in some cases the turbulence extended over
neighbouring crests, however an increase in temperature indicated the preseno of the most
likely location of turbulence. In addition, the most marked and rapid temperature chtnges were
associated with the areas of marked turbulence.
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he Canberra encountered moderate or evers turbulenoc on Pebxuary 3, 13 and 14# the T33
f1e. at the ese time and in the sane area but at lower heights on F~bcuary 13 and 14
enountaring marked turbulence on Febrimry 14 but not on Feb r y 13 • In many oases when
turbulenoe was en ou tred It ocourred with no warning - the indicated air speed trace of fg, 4
(a) shows the Widden oncet. This smdden enty into turbulenoe was most oomon on runs along the
direction of the wind. On February 3 the turbulence increased slowly fjrM slight to severe
(the Indiated airepoed traoe of fig. 4 (b)) wvhn the aira t wan flying mo or !.em a sons

In west eases, particularly wher, the turbulence ocurred in patches, the disturbance -,am
found in the trogh of a we. This Indioated in fig 3, though it will be noted that soue
of the moot marked troughs were cQpletely smooth. The sudde, onset of turbulence in aong-wind
flights and the location of turbulence ink wave troughs suGests that, in the horisontal plane,
tUe tutlenoe patch*s we elongated ellipses with considerable length across wind and small
width Aong wind. There is little evidence on which to bane z suggesd vertical extension of
this picture (11s.3 (a)) Wnon eat all to indicate the natuxe of the temsural dine lion.

0onmidering the three flights with marked turbulence, it ia not possible to oonstruot a
"elmatoloW of turbulence from so little data but there are nme comon featuion in the
mateemogical envirocomnt on these days whion can be compared with results of previous
stwges '. rposherio wave activity was ,dmte or strong on the days of severe tu Alence,
bat this wsasaso the case on Pebraary 9 end 10 when little turbulence wan encountered. Am
biwu In f9 5 february 13 and 14 were oheracterised by marked vertical lapse rate ohange in
the stratosphere (as war PebrmZY 3), whereas no much fine structure was present on February 9
an 10. Me t mperature of the 4urbu:-t air on February 3 and 13 indicated that turbulence wan
occurring in th. top of the a-adiabatic and base of the stable lre (Was. 5).

3.2.2

g eatnst tasperaturo ohange occurred when strong atratospherio waves were
o iled by evere twulenoe. en the airora.; encountered strong stratoapheric waves

without turblenoe, o. Febuar7 9 Md 13 (runs 3 and 4), the temperature chanCes were not
mori than 60 In 2 am( C p m) an 10 in 5 A (200 W m). With the exoeptioa of
Fer"27 14, te perature ohange at times of str,)g stratospheric waves and marked turbulence,

S. .hbvary 13 (ra 6), were out 70 C in I (7C per ) and 10.90 in 2 (5.200 per ma).
7heae ao omparable with the largest dhangs found near thunderstorms. The greatest changes
senmi, o~n fbruary 14, we about 12 0 C tn .2 rA(6 0 per ml and 2D0Cin1nm (2D0C per am).
The U2 reported changee of C in 0.1 - (60 per m) and 13.5"C in 3 m (4.5 0 per m) at
60,000 Vt over Bishop in moderate turbulence.

4. NSCMM OF MI.TS

Tropospheric lee wave studies have been made previously but *bere have been few reports of
flights above the tropopause in conditions a table for tropospheric lee waves. Only two ppers
are known to have reported disturbanoes in the stratosphere in possible lee wave sit tions P7.
Of these only ona , describing two flights over the Sierra Nevada by the HICAT U2, contains the
meteorologioal and positional info=ation which allows the results to be incorporated in this
discussion. Tho present results aid considerably to the fund of knowledge on stratospheric
ainriw in conditions suitable for tropospheric waye. The implioations of these results are
developed below but it mst be stressed that more flij4*s will be needed to establish the
gentersalIty of the condlusioais. In addition, work shoulu be "xtended to greater heights to
establish the vertical extent of distabssnes, and to area where there is a sincle tropopase
in ontra-distinotion to the lattudes of the Sierra Ifevads where a second tropopause at about
60,000 ft was frequently evident.

The two 72 flights1 swre made in unchanging meteorological conditions over the Sierra
Nevada up to 65,000 ft. On boi,. flights tropospheric waves were probabkly moderate and lee wave-
trains were found in the stratosphere with wavelength 17 cm (atoh larger than the tropospheric
or natural wavelength). The data used in constructing the isentropes was averaged over one
minute with consequent lack of resolution of short wavelengths and reduction in amplitude.
Uowev*r, more detailed data on a run at 60,0)0 ft on the first flight indicated a diaturbamo
of amplitude 2,500 ft on the 1. e of the main Sierra crest. The report aleo indicates that the
wev crest aind troughs tilted upwind with inor -iine heiGht with the Aradlent of each axis
(i.a. the line through oreats at different heights) given by a i x si 1.5 1 . Lack of wind
data and accurate information on aircraft position made such oalclations impossible from the
dft. XWYWoWu hre. Spillsne also found a strong correlation over flat terrain between
turbulenoe encounter* and the presence and height of marked vertical variations in the

stratospheric lapse rate. HICAT flights over the Australian Alps appear to indicate that the
severity of the turbulence increases over mountainous terrain.

1'm

MI|
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The severe turbulence encountered by the Canberra on February 14 at 46,000 ft (wheaes no
turbulence was found 20 minutes earlier and 12 am south at 45,000 ft) was probably the result of
rapid changes in the parameters governing tropospheric wave struoture. Bowevez, it mj els
have been due to reduction of Richardson's number (Rti. Io.) by ageostrophic motion or by strem-
line ozemping in the disturbed flow, or by some combination of theme circu stances (see
ppendix A for an explanation of these term). The reduction of RL. No. in disturbsi flow was

considered an a cause of turbulence ocouz.ng in the wave troughs in the two U2 flights over the
Siera Nevada . On three occasions, all at 60,000 ft moderate CAT ws enoountered by the U with
no more than a few patches of light turbulence at 38,000, 44,000, 52,500 and 65,000 ft., the
other heights flown. There was evidence of marked fine structure in the stratospheric lap*
rate centred at about 63,000 ft which may have contributed to the turbulence at 60,000 ft. It
was shown that the Ri. No. in the disturbed flow was reduced when streamline cramping occurred.
It was also shown that Ri. No. ic narther reduced in wave flow containing tilting crests with
the minimum value occurring just upatre of the wave troughs in normal stratospheric flow.

If ageostrophio motion is present in a stratospheric layer above a jet stream it may cause
destabilisation of part of the layer with corresponding decrease in Ri. No. If tropospherio
stability criteria wae satisfied the jet will also cause stro topospheric wave activity a
hence stratospheric wave atiiety. If, as has been caus-estod, thoposetilt wakarts there
will be a further deorease in Ri. No. in the wave trouha and just upstream of them; any
cranping of the isentropee will result in a reduction of 1i. go. in the locality of the cramping.
The combination of ageostrophio motion and strong stratospheric ware activity appears to be
conducive to severe turbulence near the level of the ageostrophio motion. The severity ma well
be increased by interference caused by changes In the meteorological parameters or geogpacal
effects.

To suimarise, it appears that .n unohanging meteorological oonditions and when stratospheric
lapse rates show no fine structure, stratospheric waves are aharaoterimed by long wavelengths,
little variation of amplitude with height and smoothness. Their pres"noo is primarily due to the
underlying topography and their intensity primarily dependent on the tropospheric mountain ad
lee wave intensity.

When meteorological conditions are changing with time in a specific location, or when
stratospheric lapso rates show marked fine structure, short wavelength, large amplitude waves of
some sort are present, frequently superimposed on the lcner wavelength topographically-induoed
mountain and lee waves. These short wavelength Ceasures are feq," itly mobile and turbulent
and it is probable that their presence is dependent on the exist , of the longer wavelengthi
waves as well an on the meteorologiceal conditions. 71ify also appear to be centred at the level
of lapse rate charge, but in changing meteorological conditions they could possibly exist at all
levels.

In view of the correlation between increase in temperature and areas prone to turbulence in
mountain wave conditions, some remarks are appended on the value of ' e tamperature sensin.
as an aid to avoiding turbulence. The postulated elongated el' ?..ical shape of turbulence patches
imuld make it almost impossible for an aircraft flyin aloni-and to avoid turbulence by
horizontal manoeuvrea and lack of knowledge of the vertioa' structure of the turbuence oaken
clirib or L" jcent manoeuvree a ratter of chance. For i arcraft flying acroe wind the turbulence
could be avoided only if the temperature sensing device was able to soan in the horizontal plane.
A temperature sensor would, however, be able to & tk t te existence of the waves themselves, If
it had adequate ravr'e resolution. At least 4rtltX IF If iown about the persistence of
partic ular turbulence patches, such detection m;..t h re.r valuabla han that of the turbulence
itself.

5. CONCLUSIONS

The 13 flights over mountainous terrain reportel in this paper have provided valuable
information from which it has been possible to extend out unertatiding of stratospheric flow.
1losevor, more fli,hts -ould be needed to give the greatest -enerality to the results. In
particular, flights at Creator heights would be most valuable.

One particularly violent incident, on February 14, serves t- set the limit, within our
!,resent experimental knowledge, of the savagery of which the stratosphere is capnable. The
aarraft flew thmuou air which had been brought down from at least 7,000 and possibly 9,000 ft
above (fiz. 3 ()). In this air mass it encountered a 130 kt change in true air speed and a
temperature charne of 120C in 0.2 nm. 'Ze pilot partially lost control of the aircraft and
du'ink the incident -1 g was measured. hile -uch an incident may be uncommon, or even rare, it
ca.n happen.

SiLnificant waves were found in the stratosphere only when moderate to strong or reater
vavOs ware probable in the troposphere. Practically all the evidence suweats that there is no
rnduction in wave amplitude with height, a result opposite to that expected before the start of
Uhe exercise. The wavea Nera most pronounced on days i. on neteorolojoal paraiators affecting
';ave production were mrinC in the flight area at the the of the flijit.
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In strong wave condltions and at haeihta r there are ancaslie in the vertioal
teperature profile, severe turbulence in most likely. Aasoolated with the turbulence there will
probably be lare and rapid ohaniea in outaide -ir tompexature.

In smuaary, It . fairly oetain that the oonventional techniques for forecasting
tropoapheric aes (Appendix A) give a clear entimate of the severity of stratoslheric waves.
It is ualkely that severe distzAno.. will exist In the stratosphere unless the probable
tropospherio wave aotivity is moda-ate to strong or greater. Even when marked stratoapheric
ware are likely to be present thiy will probably I of noderate amplitude if mteoolo00cal
conditions are oonsta.... The moat daagvrous eitua tion ocours when strong tropospheni (and
heme atratos-herio) waves c- Iobable in rspidlif ohaping meteorological conditions or where
marked fine structure exiss in the stratospheAric vertioal temperature pzofile. Severe
turbulec c and rapid teperature changes sow to require a ombination of strong stratospheric
waves and anomalies in the vertical temperature profile in the stratosphere. The indications are

that neither vxro amplitude nor turbulence severitj depend on the magnitude of the mountainous

tarraim.
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Al areostin sona in WWR

Predicting quantitative details such as amplitude and wavlength of le wave, and their
variations with height of the tropospheric airflow over and in the l. ot individaa mountain
rangea is a lengthy task. It In however poesiblo, in the time available in field trials such
so EATYIIM to fore ast with some confidenc, the presence of waves for the mountain reoges
under onsideretion. The fonlowing criteria were used.

The theoretical rlquirement for the presenoe of tropospheric lee waves In that the

t2. ab uld have a maxima value in the lower or middle trposphers (at or

about ountaitn top he$iht) with lower values in the upper troposphere. Mn the 1nmla ,

a*stability factor, is given by s~4 here 0 is the potential tomperatum re E I ishaict, u is the wind compoent al -the g, and a is the acceleration d&W to avvity.

In tera of stability this .me.. that Vne Vatreas vertical tamperate profWa should sh w

aakod static stability at levels where the airetre is disturbed by the mowtsin (i.*.

4f ) with lower stability above. Synotioally this ooadIxion is frequently
satisfied by the proaene of a subm iLoe inveruion, a frontel inversion, L.., eam seotor
isothen. 1 or eaer-inoth.m-1 layer now mountain top hoidit. Of ocerse other synoptio situations
exist in which the required proile would be pro d.



Another necessary oondtion for the prosenoe of tropospheric waves is that there must be a
rafn able oomponent of the wind ourrent normal to the range. Also, ior the nooessary reduction
in t 2 with hw~ot, it is preferable for this omponent to increase with hight. This too has
synoptio imiplications since this increase Is often found in or near jet-streams. In pratice It
is found that marked wave activity is absent if the riind direction is not within about 300 of
the normal o the range or if marked directional charges occur with height. Mhe moet ao~
situation in which both stability and wind criteria ame satisfied in in the vicinity of frOnto
o'n the equatorial side of dwpresiono.

When forecasting tropospherc umavve any foreseeable changes in the synoptio situation wust
of ocurso be taken Into account, for eurapl the noverient of fronts will owesi the hei~it of Ahe
stable layer to vary at a fixed location. Observational evidenoe of waveg in the form of sve
clouds (which are by no seams always present) ad pilot reports mare also important.

A fewr factor* governinC wave amplitude and wavelemzth are sometimes of help' to the foro-
cester and will be mentioned here The tropospheric lee wavualeneth (in km) is approximatml$
oual to half the mea tropospheric w,14A speed (in a sec 1i). If the lee woalen-th IsI

approximately equal to the horizontal %oale" of the mountain range, the aplitude will be, such
large2! than for broader or narrower mountains. The sqp~itade is approximately proportional to
the- montain height and is also dependent on the iimietry of the range, asymetrio zl~dcee*

producing greater distubances. The natural wavelength I ieby o

Allothr fctos bingequal, amplitudes are largest hen the wavve forming criteria are

charmateristics and large amplittude ch nge rsl from wloamein thewido
twqerature profles. Also, larger applitude waves are formed ini airstreama containine a
shallcw layer of gre~t stability than for a broad layer of slight stability, but in the first
oase the amplitudus winl rall off greatly with height.

So criteria. had been evo~lved beore thin exercise from which stratosphotic disturbances
could be forecast. Baea "stratospheric die tarbinoss" means mountain eaves (a distortion of the
flow Just due to ground undulation with on fbllowinC lee waves), lee wayes, or turbulenc, in
assoaiation with these waves. Wever, it was saemed that the uagoitids of the atratoaphearto
disturb~ios would be proportional to the magnitude of the tropospheric disturtbaos, and also
that pt-aLble brakdown of the flow oould be associatod with large wind shear and possibly with
mavkvd ohav~os in lopes rate.

A.2 Issatroes And %avo

An istntropio surface (ini the mteortological context) is a surface on whioh air has the
same potential temperaturv. If the Uir has a velocity relative to that surface and if it om. be
sh&a that the Isobaric or height gradienta on the surfac-. remain constant with tine, then the
air is flowing along the isentropio surface. In this case, if a vertioal section is taken through
the surfaae alo~ng the vind direction, the isentropo so produced is a traectory of the airflow
and vertiosl air sped can be directly dducd fru the imentropic gradients and a imowledge of
ths wini speed in the udisturbed upstrewa flow,. A cuntain lee wave is indicated by a
periodio disturbance in a stationary isentrope to the loo of a amountair range.

It is difficult to attach physical significance to disturbances in an iwetrope ulssS it an
be shioen to be stationary. In non-stationary case in which the isentrope showim wavelike
disturbances it ay not be possibl, to &W more than that the disturhutoes must have been caused
somewhere l~ocally and their emplituda, Ad period most be reprsentativ* of the air oaoilatozu
somewhere in the flight area.

Mhe onset of agotronhio motion (iLe. motion d4e to %he oo*W-en Of wind normal to the
isobber or height contours), usually proaant between the 2WO and 5U Ab layes" above a Jet atrean,
results in dastsiisticn of certain stratospheric lzayere if aterooale horrluontal torerat=*r
variations are preseitt in the arta of ontet. The decrease, in stability rVsult. in a .odution
oif Ri. No. and in a posaible occiibutory cause cof turbulence. Wher" stromline oresping coaura

it w.Lalso cause a ection in chrdson's number (Ri. No..a
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FiS3 3a Wave motion on february 13.. .. a- ona.

Fig 3b Wave motion on february 14
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&OMM~IRE

1A z;ervics "HAUTE ATMSPHERE" de l'Etablissement d'Etudea at de Recherches
lXdtorolo~iques do I& Htdorologie Nationale po1r-it depuia plusieure anngea
des rac'~srchos exp~riinentalea at thgoriquessur la circulation -racosplfrique
(do 10 L 40/45 lar d'altitude) I 196chelle mcoyenne (mesoscAle).

IA.s rdoultats exidrimentaux obtenus mettent en 6vieence que la stratos;.h~re
consid~rde & catte 6chelle eat un milieu plus perturbd que la trnposphbre.

Premier!1 11@l - Cas du 11 au 12 mars 1968 :25 sondages horaira canadcutifs
do ve~'t dona s !acouche10-367G 1c K Ngny-los-Hameaux.

14 structure do la stratosphbre basc~ et moyenne prdsente de forts et rdguli, rs
4Ji.ailloents de Is vitesse at do I& direction du vent, at'tour d'une valeur
woysna, do variation lente avez Valtitude. L'intezprdtation die tels rdsultats
eat difticila at seamble devoir faire appel A un'e analyse ondulatoire.

jeiond exeaple -Cas du 21 au. : ovembre 1968 :9 sondages tri-horaireft de
vent at tempdrstue an chacun ies points d'"un triangle d'environ 50 kilointtres
do Cotd au mud de Paris.

Cotta cetapagne a &tG offectude avc -a parcicipation do l'avioi CAHIERRA do
Meteorological Research Flight. Le 21 novembre 1968, au milieu de la journte,
uno turbulence en air limpide a dtd ddtectde vera la tropopause ('environ
12500/12600 m), alors qu'une variation do tranpdrature de 1'ordre do W8C a
Atd -.lavde -ur one tranche d'envirox 3100 mbtresa l'4paisseur juste au.-deasus
do ladite tropopause, avec aimultandment cisaill.-nent inarqtid sur lea deux
modules du vent.



DNUX RW(AUAJLE 8ZIMPIS DE CISLILLD-S

DA1O LA STRATOSPSZRE

COIUffJI LE VENT' ET LA %POWSAU

par G.D URM(')

Ndtdorelogie Wationals - franc%

I NM.-S DU SERVICE "HAUTE ATMDSPI1ER".

Le service "Rauts Atmotph~ro" 4e IlEtablisrnomont d~ltudes ot d, Recherchu* NEItdorogiquou
do I& Kitio'-ologie Nationals frangsise dispose daputs juillet 1967 Vaun ensemble epiratios-
nel 'dvoluf" an tamps rdoi coupronant trots points do nMoresuituds atax rneats Vaun tri-'
angle approzimativmet iquilattral d'environ 50 kiloobtres Ze cStdt

-magny.'lorn-Miaea (Yve lise.)

-Chartresn (Sure..at-Loiro

-Pithiviesir (Loiret).

Chkcun do corn points *at 6quipd Vans station do radar-vent at do radiosndalo do tmayd-
raturs (riception stur 28 Mz actuelimuet, 403 Mas ultdrioeirment), Des hallow. suertaut
tie ci deux r~flectesirs pasaifsast urse soodo do tempdrattir. dent Is captour eat umn thor-
raistance psuvont Stre suivia jusqu'A tans distance do 140 km par radar COTIAL sodifid (2).
Lesouble darn trots points do assure perss do choisir judicieusseut Is Its- do lancnr
d'un ballon haute performance at dlaasurer dventuellsmt uvas pouroulto ca*.. assataire
avec Is radar duua dauxibm station; Is belloo pout alors Itr. susivi jurnqvY '90 Iom do
distance; coci prdrnonte usn .ntirlt pratique an hiver par rigins do vents forts tropospbd-
riqueg at stratosphdriqaes (do xocteur Osast).

La narnuro des trots donaes prinaires ddiniurnant la position dii ballon (distance oblique
rader-ba1,,rn9 angles do site at do gisement) est eaeiirdo touten lea 30 inooudes (on tovo
!*an minutes), rnvoc "lissage" stur 9 rscondes of factud par un ordisatcur digital IBM 1800
(voir cl-d-ssoun) sit ce qui concoram let deux anglern. La woruro do I& frdqrnsnce do 116nin-
alon correspondeant & I& tswsprature do A.& theraiatanco eat arnruris "en cenatinti", ovoc prd-
ltvsment toutorn lei secondes tranmin I l'ordinateur.

Ces dounden "analogiquen" suet "digitalisen" ont chocun desn points do Msaure per tun conver-
tissour .alogique/eurndrique at tranaminor pour chacun des dsux point. pdriphdriquoa
(Chartresn at Pithiviers) par uno Aafsou tdldphonique spolcialinds A 1'ordinatour csntrai
IBM 1800 rncstionni au troinlik.. point de mature (Magny-ls-laImauz).

Cot *rdinaceur calculeaen teaps rdei, suivant do. prorwe cauportant des variantes, lee
doendan C

4 -aprbs correspondent I tie intervalle do assure:

- Vectetar vent horizontal -direction St vitmose, Vent Lranavernal,
vent radial, vent zonal, vent adridion,

- Vitess vftrticalo dti brnlon at variation do catte vites..,

- Temprature :Inatantande (lirnage our 4 rnocondoa do part at d'autro do is

Ie~onde correspondent I llaltiude do assure) at moysaus (couch. correspon-
dent & 30 ou 60 secondea d'ascension),

iTTIngdniour Gdnirasi d "as Ndtdorologie, Chef 4ui Service "Haute Atwmsphire* do l'Itablis-
saset d'Studis at do Rechorchrn Mdtiorelogiques do Is Kdtdorolegie Nationals fl:ngaise.

(2) So prdcision do farnure a dtA audliarde par i'adjoaction d'mplificattir param4trique
oti do tube A ondos progressive.
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- Proalos obtamuia par ttratoa I partir do I&a preios amn du **I an
Irouat copto do Ita diffdrae do proset.. correspondent & 116paiaseer do
In catch@ cousidrda extra ou moon sua odcutivs do l'alttud. du hal.
1"., Cette, presst.. pout dIre compardi & calls mprdvoa" powr lea oiveaux
atandards at dvestuellmnt *recaldsl par prograsm do calculatour,

Le tspoalttf eat campldti par uan traceisr do ceurbo. at usn perforatour do cartea travail.
Last s tampa rdel. Par ailleurs, des progioma bpdctam "do recherche" s dlut tam cens-
taste aset "IA 6-bords pour aertir on tompa riel ow Avestullemat as tempa dtffird lee
ilimata caractiriattquea carrespoodant I des eudes do gravit4 (an asslmildea) avaceptibls
do reudre ompte fo Ia structure mdoscalaire de Is cirsulat ton stratt apbdriquis at da sa
featta I ceart termi projection hortsatala, do ta trajactatra du ball.., hedgim
do s umwmmut, obre do Richardson, etc...

Touts, saalaritd "dtact&*a dsas cotta circulation ldtant an tamp" rdol, gtca I Is, can-
septic. medarma do Ileoalet Ll cat &aon possible do dicleaor sm eSri* do meauras
,rappwoo dass 1* toopa (h Pade i Ilce re do ballets I Lstrvallea fiose) at dam
I'sopao (trot. poats do mars?), alto d'dtudter I& dards, l'oztomsit. at l'wvolutton do
1t "oaets.

11 seat & mter qu'au point do va toahmologiquo, oit qua cola a 6t& recon am court du
sopeelm .in I& tatospbre tons 1& Loadrs du 17 an 29 moillet 1967, lea maew** do
vast at do tampiratura & porti du Ia &! on utilitant des ball.., haute performasce deme.-
rrest & I'smenir ladlapossabheo pour complter - am a jui conerne I& cauche 30-50 In
10t rdfsa do inese a4tdroltiquea dsttad I l'Stusl do Is coacha 30-80 km.

Usacomsis as passage qua I'altttude record otteist* ou Frae por urn balosa itaut* per-
foisrme (typo KIYSAM 140 D) oat do 48667 a 1* 26 agril 1968 1 gy-s anx

11- BUTS DI 3503305.

L'itude do I& ctrcialotit daze I& bass at moyen stratoaphiro (1), coaduito par 1* sar-
viaisOloHutz Atusaphbrs' I 194chaol ditm 'asaosca1.e (10 contains do mitros, cleat-&.-dra
catre 100 utra, at 1 kilembtret, **!en 10 verticals; 10 disatns do kilamitres, s'eojta"Idre
ostre IA0 at iQ( & 400 kilamitree, doss It plan =#rtasatal; l, disms do minutes,
a'ost-&-dtre do 30 misutap 4 plumlours bourse pour Isi Sj), a pawr but

a) Isciperaba foudmntolo e eeancotribution A l'ltablismst dCom thderta
valable isoI ai =teinatoa gdndralo do 1'aoapblre as rue do permiettre V'a-
adltoration det~ uiodbios actuallament uttiliad doss lea grands ,rdstours
digitaux pour I& pr~wision uynopttqso at global*;

b) Recherhaggldo z Ituda at pidvia tor do 10. turbulonceso am apbro

L'Emsrgts otitiqus prdseata doms 1'atuaphire so portage e& pioure catdgoriea - liacs
ostre *Iles - do perturbatIons qut as dtffirenctant par lowr debelia (2), lea pdriodos
correapoadantea vrirant do quo Iquos joints pour la perturbatitons symoptiquos (dimensioss
borixostoles do l'ordre du sillier d. kiloobtroa) I qiniquos mutse* poor los mowwomuts
turbulonta (dobelia wadrosautique" vrataomblablnmat campis. outre qualqus mitral ot
qualques kilamitros).

blaprbs G.D. 3DIN (3), lhypothboe adise -er I& GARP (Global Atmospheric esearch
Pft.oct) do s'.n teni ansi doux soules catigories do mouramsens prdctds limits I
3 joura 1'dabdance probable dos prdlsaons A litchalle Slo~b It. 11 imports done do :recd-
der A dos orpdriences pidlimtuatroo, consstetnt Olen irtcu.lier & am tnysstaL&S4pdjractq

avcot"a des mauramea atMs dicue"; cleat 10 as prdcs~wnt des inaures ~
lair. offoctudos par nasrvc auto Atuosphkre".

(1) G.D. barb& t 9A circulation atmosphlrique It fyoute lobelia (Usas.caio) dams la
bass* ot soyamme atratesphbrs", Technical Note 3*958 WIO-N227,TP* 121, pp.272-284.

(2) Van Der Horon z "lameor spectrom of horixontal wind speed in the frequency rang. from
0.0007 to 900 cyckss per hour", J. Kate*., 14, 160, 1957.

(3) C.D. Robinson t Adroeso prdsidentielle du 19 arril 1967 (Quarterly Jour-nal of the

9 Royal Meteoological Sooity, Vol. 9!. W*398, octobro 1967, pp. 40i-418)o



7*r atls, l'utilaatim croisato As ballso.. bauto parfemanoms perat dgapertsr saG
prolciaious mur lea phdasulass do Ia moyema at heato utretosphr (coach. 30.45/50 In)
escore isasfisamsnt comma, tels qua

a) ?drlocks at nodes d'itabUs.emant at is dx.paritim, is Ia musa atratoo-
phh~iqa dedti (1) du *Getter Est, reapactiv&~at 15 avii - 15 msf

(dbut sea pour certain.. nds) at 15 edft-15 suptmrs.I

b) 'Kvbaswats A vens d'Iet" at rdchinffemmt explesif. qut low meat lid
en hiver et as pritempa (1).

Cos dorsiere phinsass, dont Isa list... avoc 1 absorption Loa..phdirqms a ps Stis mdeaenI
fitene, attirent l'attestiou Our I* fait qua 1' 0onviroummut" do Ia ploalto asatitus

us test, as qui sat parttculibrmmnt .. ai pear 1'atmesphbze dos as d1ff itesta. omaa.

fltre miss en doste.

III - RISULTATS UM-flUUAI OUTMU.

Aou mtro rionitats obtsma. avec Is diapoattif opiratleenal en trots point. confirmat
#~~ 61- i-:aa pridiemut, teat par we propras usenr*3 OR US on dMna point. quo&

Ok-'w~t- &,ve Tor quo lea "acciients" (ctaillms t asete=r vast,, eot en irection,
soft &a 'vitesse, salt pouar 1". daux modles) *est sufficomest Mrquanta da I& eion-
latl.. stratesphdriqns pour qua It caratbre quai-Alprlediqu. pais.. y Stre cesidri
a~r v usiaod friquant ds fluctuatios iu vectear vest a feast io 4e l'altituds (otiac-
tare fauilietde).

11 eat permie d'avancer qua, cetrairemat I so qa'.. anrait ps posser auperavast, Ia
stratos§Lro comsiidrna A l'dchslle "masle. c'eet-"-ire I I'Ltdriear io aeae
7Elbmtalres 4 a 42Lasear SS ise entis 100 ot X ubts ewit.. ot us atlawm
alus llrturbd.n l res&e

Ceupt. tern des istervallo. do wacare qut Roost pa% j -oqv priecut dtd ebatead.
-an-deacons do Ia demi-asurs, la vartabilitd tepr u s .t mattemut pins marquis qua Ine
vaul.iit satial* iama Is triangle oprtimol; an offet, 11 sleet pa rare Voa lea
"accidents* in vectear vent aoiemt pratiquamaut 8cotocidsnta' (altitude, Opat..ear at
intonsitd) pear ls trots stations A a oment domed aeore quo dlus haute I Ventre ds
ddformatlons on do* ddplacessts ds @as 'accidents" sals In vertil''l pewau- te ismast
feat.. pour cbrums ides stations.

11 exists adaimoins ds uituations pear lacquolla. il set possibls do satyre factluwwt(2)
Insft m acciioatw pendant pinetours hes&a. Mieuwabow, 11 imle que powr des pdrtids

(1) Dlea rocharcha. s doAs aturs sent poaraniviac A & stoation witiorolotiqus do.
Karguelen (hmisphbre Bud) depalv jaxvier 1963 avoc urn radar COT/AL Modif ii.

2) 11 n~ext pas Conliur. aiad d'litier ave. cortitude us "accident' d'na waarige 4
l~aue- e s~ o variation dlaltit%"~ ow do iddeeblemant. A aotor I ce wsjst 1' tti
rAt do l'ose coas "tracostr" is I circulation stratoepbique A ds altitudes iafd-
riasres & 25/30 he. La structure failstiei a d oeitributis verticals, qal sobw.
Ctre stable - atne man &ana certain* ass - A 1'icbelis do It imi-Josrs doe s
dosains1 sct susceptible to factllter 1. travoil d'idsattftcatiss icx *accidents" is
vent. Dea contacts asent *a coure avac Ilstitut loyal Nfitiorologiqus do lalgique @a
K. FLAIflIE of fectue rigalikrrnout deput. deux a dies iscas. deoia I 110erva-
tours e'IECIZ-Urx Iles.
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allast juaqu'l 24 hour. il exists des sectfaurs -Agaltitues privildgiles, as variant
Sonre do plus do 1 km, pour losinao11es us persistanico V~ accidaut" is retron. aa sans
des iaterraptivas at, 1. plus wouvento do forts ckwawunts d'intessitd en do form (phaso
altermatives do croissance ot do dcroisaolce, muximum absole s reistif slatt&wmat poer
dossuir mlirio reLatif em absoin, ae... ).

A titro ladicatift poor un dopd Eso permanance do 'accident" our plusiours kilatros
solse In verticala I 116clolle do l'boure, loa cisaillsonnts obsorvis peuvent tre do
1'erdro is 40% par rapport & Ina vitosso ase'enne at de plusiours disaines do doeg.d par
rapport Ik Ia direct ion syor.

N~se traiterea aintenant plusaso ddcail douz remarquablss examples do' cisaillowents
dona In rtratop~re relay&s A l'sccaaiou do campagues do anures.

IV - CAB DU 1I a 12 NAM 1968

11 satit down sdri. de 25 sondagu. horaires do -sot (san& tooaure) effectudo I
NagnM.e4saux entre 10 ot 30/32 km d'altitude oiu 11 mars 1968 1 07.00 TU an 12 mars
1968 U 07.00 TO. Tostes los 3 beures, A partir de 07.0) TU, lo sondago dtait double (1),
coast-"-ire qua dons baoll..s dtaient lances I cinq minutes d'intorvallo at poursuivis aI-
terolativement toutes .&s 30 aecoeds. Co prec~dd pormest d~obtauir doux sendagea complete
ot irddpadanrs of fectuds sun dews ballons sipanis on altitude par une distanco d'onviront
1500 oetres, La pratique mantra quo lee courbe.; repr~sentativeo (vites at direction du
vent an fuction de llaltitude) correspondant eux doux sondagos set pratiquamont super.
posE80; coast bion cc qul rdsulto do l1oxamen do In figure 1 pour Io soodog double du
11 mare 1968 A 22.00/22.05 111 dont Is* rdsultats sont din~o h titra d'oxample. Lldcart
ontre lea courbas iudiquo A, Is fois 1.r-reur - fortuitt - do Ia masurs at Is variation
- on cluq minuts - do l~a grandeur oasur~E.

L'onsemble des grsphiques (vitesos at direction do vent,vitesse osconsionnealle) corrospou-
dnt et Capagele do assures a EAjk Erd reproduit dens Is Technical Noeo N*95 do
1'0.W.N. prdcitde (cf. figurer 10 - 11 ot ... , pp. 280-282) at do tour erases r6snire Is
missoen Evidence dos caractdristiques commin suivantes:

- La structure do la stratosphhzo 4asto at moyonne pr~tento do forts et rftuliera
cisaillnmnt. do Is vitesse at do Isa direction do vent aut'~r d~uns valour loyene do, va.
riatton progressive en function do 1'altitude (do 2400 n/mon - 145 km/h - au niveau 10 km
1 1000 a/mn - 60 km/b - u voisinage do 20 km, pour cr~Vtra aowdessus, surtout A partir
do 27 /28 Im jusqu'& 2600 /n - 155 kmh - so niveo 32 be pour Us vitesse; 4o 340/360*

-nord-nort-otmet/nord - aso niveau 10 he 1 270* - ostL - mn nissan 30 ko pour lI&
direction). Waunt manibro X~cdrale, Is veriabilitd des daux modules du vent (vites.e et
dizectien) en fanction do l'altitude Got plus accontudo at stable p~ua pdriadiquo pur lea
soadagos do suit (ontre 18.00 at 03.00 TU.).

- Cos cisaillioouts prdsentoor dans Io tempsonu grand dagrE do permaence. do Ilordre
.Q 12 heures et ub "los si Ilea tient cempto do cortaius nivsax privildgids tels quo
19 kme environ (exrrooa & caractbre maximal) ot 15 km environ (otnmmo A. caractiro aini-
al).

. On obsorve 6galwut coo cisaillawaurosur los composantos senatas at mdrifiomnes
du vont (vair figure t tlelaive am sondage do 11 mars 1968 A 22.00 TO awc le ohm dalri
do pormanence dw 12 heures at plus dens le temps.

-LUs hedgrnms horstros du vent r~el on 4saction do I-altituda autoat en relief
urn.e rotaticno continue dns I* sons r~trograde ("o des aiguilles d'une amntro) Caun von%.
rdsidual sutour du vent maven dent lIa direction vanie lotmet, cousn itidiqud ci..dous,
4D Dor4 A 1'ouoat* Urse rotation do 360* du vent rdsiduol sloffectue daas dam dpaissurs
do couche do 1'ordre do 2 4 3 hm, ainsi quo coast Io cam dan Is figres 3 traitant Ise
sodago du 11 mars 1968 A 22.00 TO.

Co pb~domh&ast particulirmmnr not de lea trenches d'atmosphtre prdsentant dfts
"accidents" dt iis par us sombre appr~ciable do nivosux is asure. Alorm qua la cadence

des assuros pormat d'obtontir us point reprdseatatif environ toue l*@ 300 so.9 souls lee
point.s lea plus sxglificatifs out dtE reportds our las figures 2 at 3.

(1) 0.D. forHid Denudes our 1. vent en altirude juaqu'& 30 Iwo ot a-dell (oumploi One
radar & poursuito ontematiqu. ot du prec~dE du "sedago double"), Journal ScieolrifiqCM
do eaNrorlge 38 yil-juin 1951,



PUr tel fouIietage d~o i'atosp~re our lea pArmitres da veat Vo post pratiquamut pan
8tr. expliqui par 1* diatribution, vorticale do I& tmpdaturs. Aila do seen rad".
compte, il ouffit doaduttre qua, pour lea soaages do* 11 *t 12 mars 196 .6 14 toespd
ratura a$& pas i ti mmard, me ripartition verticalso dtait centoem I coal.* do 1'atme-
phiro standard typo OACI.

In suppeant urns station I distant* doe Magy-los.~meaux Am 100 im das - iruattes
parpondiciaiairo au vent mudl, il oat possible do calcular, pour m tromeho Vlaltituds
ob dv poat Itr. considdrd cm constant, In toupdrature noyomw adeossairs. andmos

do I& station X pour Justifier ledit vent zonal dons 11hypethheo du vent thoruique.

La calcul dui gradient thdorique do In teapdratur* moysat Ous cessch qul aevralt oxistar
ontre lea stations do Naguy-les-Hameaux at X pout am@ peruettro, per l'aaelyse do a
ordro do grandeur, da juger do Is validitl do ithypothtse xdostrophique alceusairo I
l'mploi do l'dquation classique dui vent thoernique

Pour Is cam particulier du 11 *are 1968 A 22.00 TO, i&siuparation. des d5 tffftentos couches
I constant oat indiqui our Is grophiqaui du vent zonal (figure 2). ltmriqummt, Is

foIe*e to rduit I&, T .bT=1 , I

avec

TM* Tsupirature noysune do Is couch. I Maany_-ies-Mma

T -d-astats X

=gradient dui vent &*=Il pour Is, coach& considlra

La figuro 4 indique lea rdsultats ebtemis, on alapposat Les teapdratures in altitude
conformes & Itatosphtre standard I Nagay-lee-Hoasux.

Il apparatt qu'au-dessut d 1& is tatio,. I lee &carts do toupdrature wyeam alcossuires
pour justifier dons I'hypothbso glostrophique Ie vent obst "4d variant do l,8*C h environ,
10% pour dos couches adjocents. D'ontre port, dons am. alk couches slam *carts do
toup~r.-..re entre Vagny..Lemamsu et Is station I variant do 0,4*C I 7,4'C done I.
cadre do cette hypothbse.

Ors taus lee chitires ainsi dounds correspondent & des toupdratures gmoveme do couches
co qui infire des carts plus important. pnur do# tenpdratures I 'an sivoan doomd. Leur
*rdre do grandeur set alore nettemont wupdsioLur I tout ce qui pout hr. ebservd habitual.
lemnt; ii eat done peruis cl'ffiruor quo lea "accidents" do vent dtudids soat cartel-
eoot do nature agiostrophiqus.

Les caract~ritiiues de ces rksultAti; sent tr~s proches do colles do J.S. SAYER Wi
et do A.I. ,iINSTEIN, i..R. e~~~k t J.H. SCOUGINIS (i). Pour coo derniers auteurs
un tel 80hima. eat analogue i colui qui serait provoqui par des ondos ditee d'inertie
ou do quasi-inertie tvecteur vent hori~ontal r~el resultant do la superposition d'un
vecteur vent moyen Viostrophique ot d'un vtctour vent risiduel rotatoire on fonction
ao l'altitude. flautres auteure (5) (4) (5) (6) font appel aux ondos do graviti (ou
a des ondes aimilaires) et nos propres recherches sont oilent~es done cecions.

(1) J. SAMYU1 : Quasi-periodic wind variations with height in the lewer stratosphere,
Quarterly Journal of the Royal Meteorological Society, 1961, 87. 371, pp. 24-33.

(2) A.Ie WEINSTEIN, E.IL. REITR et J.R. SCOGGNS : hsoacalo structure of 11Q20 ka winds,
journal of Applied Meteorology, 1963, 5, p.49.

(3)00 111NLS s Internal atzospheric gravity waves at ionosphberic heights, Canadian
Journal of Physics, 1960, :9, pp. 1441-1481.

(4) C00 11IN..S 1 Atauoephoric gravity moves i a new toy for the wave theorist, Journal
of Geophysical hesearch, 1965, 69, 3., p.575.

(5) R.S. X:.aELL, J.h. MAHUNEY et R.. LiNIIAlD Jr i A pilot study of smasl-scale wind
variations in thle stratosphere and mesosphore, juorterly Journal of the Royal
Meteorological Society, 19(6, 92, 391, pp. 41-54.

$ 6) B. LETTAU i An analysis of rert-lcal scale structure and wind shear in the
aesoaphere from falling sphere data, Journal of Cenphysical Research, 1966. 71,
4, pp. 1003-1010.



Oe as.s plus complico da se rdaltats, porticulitrinut des pdriedes do rotation,
te lowr variatiom n fotien do V'altitude at do temps sinai quo do lour liaison 4cY~
Is, valour do gradient do vent myen (of. aftbedec do lianalyso harmomique at do. coof-
ficients do corrdietiom) dorrait pezvmttre do caractdrier ao.plua do prdcision las

I~~momIaa obeorvio at Vaen dduire las poretres nice cesires I lour couprlhanso.

It a, * ertain qua Is r~partities do 1'inorgie ainleique en altitude, te.Ua qtr'elle
rdsolto ds Is figure 5 pow r las do 11 mars 0968 A 22.00 T9, pose us problime paimpqn
romerqualo accroiseomurt do IW pamt Itre rabivd A leoccasloa do certaina cisaillomonts
do vites. do vent.

V - CA$ DI z m 2230REM3 196.

11 O"aIt dua capam an trole points (Nagy-a4Lmwsz, Chartres, Pithiviors) com..
portent ywur aboame do* stationm e adrio do 9 aemiagas trL-Z -'aires do vest st do
tapdratursa ome 09.30 TU Is 21 ucrasbro 1968 at 09.30 TV 1& 22 noembra 1968. Lee me-
. .r-e do vout at do tompdratur. out ltd off&oadae testes lea 30 seoede, co qui core
respond I doe comehic dlbaautaires dleam &paiacau do 150 4 300 ao

Coto. cauagme a it& of fectuda sae lIa participation do I'svian CANSIM du Wateorological
Reaseareb Pligt do Vannboreuwb (Graado..retagna), apdcia lament 6quip6 (centrals I inertia) (1)
poor Is %ea@we do pawhutres mltdorologiques tals qua Is vont, Us tacepraturs, Isa turbo"e
lawsa, etc... L'avion & arvold Ia triangle do macure "elon us direction adridionno
eutre a00t 44M pieda (llO et L3400ma) do LL.30 113.30 TU I*premier jearot
outre 40000 at 4300 plada (12200 at 13700 a) do 09.00 A 11.00 TU 1s second jour; lots do
obaque *pdraties, 4 oilers at rataurs A altitude constant* out ainsi 6t# exdonede, mela-
rosaat S ion distant. d'asvZ.:ft 300 mbtre. sales Is verticale.

I&& rdsultats doe mn-as. sent rapport&@ eeaoiactemmt dae lee figures anivantee

I Figure 6 donnant Is. ripaxtition vert-oale do I& tempirature et dt vent
(vitese aot direction) on obsoun doe troir points do assurea ontro I*& niveaux 8 et
25 km 1a 21 novembro 1968 k 12.30 TU.

Lo egurbe do Is toupdratura do Cha-.trs omlo.vraiemblablmnt on raleou dsune *rreur cye-
edoatique do =ceare - daldo d'omvirou 300 a par rapport aux courbee reprentatives do
Hgu.loe-linaux at Pithiviors qul setgobi'nt cunfoudoa.; par suits d'un blocaga
do rediosoudo, Is seadage da Fithiviors eloct arr~ktl I use altitude urn pen aupfirioure h
14 be.

Par ai11eurs, la ts~rature meurde per Il'vion CAIELLM satra 11.30 at 13 TV figure
s*me I&a fens diume courbo an trait point qini *at en excellent accord avoc lea prlcOddnta.
watro WOO at 13500 mbtres. laf is *at repertis mar Is gpaphique Isa rdpartition vertical.
as ia tengrtore dame l'atmepbbre GAdI (courbo *a trait plain).

La tropepauso act eztz aot bia nmarqul. I moe altitude do 1'ordro do 12500 a avoc amn
te-Wdature d'euvirou .72%, remastaut rapidmmue an-deemus (465,5% & 12800 a); aprha
um etati~m~at relatif (.0,0 & .65,50C) cur 100 mbtre. d'lpaieeeur, on ebmorvo am.
ucuvallo saute do templnatura d'osvirou 44,SoC our 300 a, d.ob umm tmpdnaturs do -61lO
a 14100 a guodrigute o _1C I cello i Isa tropepausa. A rtuarquar qua, poor 1. condae
do Chartres do 21 mvmre !"46 1 09.3D0T I& saute do tagpdratur,; meaurdo I I0 tropopae
a ltd do erle do 8*C (do o71,4*C I :;3,8-C5 cur maims do -300 ubtree ddApeiccour.

La vitocco ot 1& direction du rent prlsontont 6ga1.aant un cieaillenent manqu6 i
ddfini par let asures feites h I& loin h l'aide doc trois ballons (lanca. cinul-
taniennt dos trots points) at & Ilaid* do Ilavicn CANBERRA (piatefarse h inertia).
Clat sinsi quo 10 vitece. du vent vaneo do 12/14 mia en%;o 11700 at 12000 a I
24 m/a. ceat-k-direoenviron Is double, Yoe 12650/12700 0. pour alabaiaier juequli
environ 8/10 an/* Yore 13500 a. Siuultaniant Ia direation du vent pass* do 270'
SOuott -. ..n 12500 a 1 .550' (Nord-Oucat 1/4 Nord) vera 13500 m pour revenir k 270'
Oost S verz 14000 a.

(1) D.N. WIORD 8 On the accuracy of mind masuroe to using an inertial platform in
an aircraft. and an oxamplo of a measurement of the vertical aostructure of tho
atmosphere (Journal of Applied Meteorology, acflt 1968, Vo-.7, VF4, pp. 64.5-666).
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Ca rewerquable "oteaillouent" do vent at do tomp~raturs a 4ti acompeW4 d G'ie ldg*re
tuarbulonce an air liapide roncootrd. par Is CANDM2A tant ih Im .daoatd qu'k Im, desonts

a) Daoe um coscb. st*&d eatro 41000 at 41500 plod. (12493 " 12645 a), cleotabodire
jeoto au-dossu. do Is tregpprn. at a cebtwdoaoo ave us *shaarl do vest (vatel..
ddtectda I & is t per led mom@ radar amz trot. poits at lee mauvee fatten h be
du CAL2A) bi., marqud our I& vte"~ : acretaiant do 15 & 24 a/e, selt 9 rn/s& ot
our L. Air oe z rotattee do 270* (Ouest) h 300 3r.~~ 1/4 aovet), *sit 30.

b) Doe wa comcha sim"d ostre 43100 at 43300 plods (13133 - 13194 a), eezrepamt
Z I& em do tompiratura atatammatre auqdsoue do Ia tropepaue olgealda cl-dko.. tam
qua, le vent a smurad on vitaue at v. la fairs an dtroction uma varieties nes A Ia

2*) iamm 7 es fam. As tableau domianat Is ripartt~a vertical, do 1a t41upS-
raeurs fmtre 1,v aiveaux 10 at 15/26 ka pour thss do* 9 soods trtibarairoo. La tono
eidraturs roportda as callo mosri par Kagy.leso-Eisaux, gindralemsnt pms dtffdranto
00 la -inpdaturo ur -urda ns dans antrae poins.

Pnstr 00es sadaga. do 15.30 TU 1 21.30 To, la trepepaue. (-7 1C/-69C) reute matemnt
uezqudar mas. I'Spaesuau do Ia cauchs do tmapdrature atumle toad I o'accreftre juoqulh
300, puts I000. Rsemits, eft alituda tend I e'dlover ldgremaat (12600 a) aia*f quo
W; tomprature (-70'09C Pais .6703C), La Cinch. do tmplratuxV aisiala omimc~ isue
-v ftu k* pdrtas

Aa..iuuue, is .8 'auvsem 1600 a, la "accidate do tompiracure emblest LA. h I'du--
lat'-ps do Is tropopmse. C'.et &test quausx somdas do 09.)0 at 12.30 Tti trot. rdcsasf.
fwoute esmt not&# v "ax 130CM a (.64165*C), 1400 a (-6,.,62 J ) at 15500 a (-.62/6390,
adpords par dem rat ;a do rofmiiottut vers 13500 a (-66/670C) at 14700 a (4/A~)
s..z somdsgoo suuva~ts, ave ldpaiootaemut do La couch* do transition, coo maccidents"

tomtprature slattmsast at finisot ab per iteparatro, proaqus teesirnat em ftnk
do pwrod.

Do 160u0 & '000 a, I& tomp~rature roxto etattannatrao a oea progrosivmatt (da -62'
& .650C).

Daes la cauch. do 1900 A 26000 a, La ddcretooaaca do tempdraturo eat atte, evn -69/700C
yors 23000a, A noterv m au dagoa do 15.30 at 21.30 TU, La naimeanco d' "accidens" do
tomp~rature !'eu importaste eatre 19500 at 22000 a qut, d'ai11aur,~ slatt~wmnt put.
dieparatsoott auz ouiaga. ulvams.

JeParlso wu vif rewercismsuta & N, C.T.N.. AAXOMN, cbef 10oNtarolegtosl Digoarob
Flight (Grada-Uretagm), qul a bios vests t.;rticiper ot oblpommut A nsa o~poe
dA assures do nevembro at dicombro 1968 o' - is aterer % faire &tat doe do=&*o
d'obaervetteee obtomos I partir do CAiII..
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Figure 3 Soodage de vrmt A len-e.-iax1 11 mars 1968 A 22.00 TU.
Roogsmm du vent r~el en fenction de l'altitude.
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TLJIPUATURfe lg~sC~i

?ig~r. -om~dsae d. vant at t~upirsturv *n troig poin~. 2 1 coabre
16B 12.30 TV.
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SUMMARY

Measurements of turbulence statistics at various heights above mean sea level are described.
Digital data acquisition and processing techniques were used to analyze signals from a linearized
constant temperature anemometer. Mean viscous dissipation rates measured from the velocity
derivative were found to be inversely proportional to the height as expected for a constant stress,
neutrally stratified boundary layer. Streamwise velocity spectra exhibit ext-sive inertial
suitranges, eve.i at scales larger than the height. Probability distribution functions for ti- velocity
differencz 73etween points separated by I cm are compared with lognormal predictions of
Kolmogoroff and Yaglom.

_I
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INTRODUC nON

In this paper some hot wire measurements of turbulence a few meters above the surface of the
open ocean are described. Such measurements are of interest for several reasons. .\any ele-
mentary propositions of turbulence theory have been difficult to compare with experiment simply
because high Reynolds number flows are difficult to generate and measure in the labot-atory and
because the requirements of power, weight and protection for the instrumentation required for the
measurements can hardly be supplied anywhere else. Consequently it was over twenty years
before Kolmogoroff's second similarity hypothesisI was conclusively tested by Grant, Stewart and
Moilliete by measurements of turbulence in a tidal channel at Reynolds numbers of order 108. A
number of hot wire measurements in the wind over the bay near Vancouver have been reported '
but few if any similar measurements have been made over the open ocean despite the fact that a
large fraction of the earth's surface is covered by open ocean and important turbulent transport
processes occur in the turbulent boundary layer in the air near this surface. Therefore one pur-
pose of the present experiment was to explore some aspects of the turbulence structure in this
little known but important boundary layer, and to develop techniques and procedures for later
studies.

An elementary result o: the theory of high ikeynolds number, constant stress turbulent boundary
layers which is very difficult to test in the laboratory is the prediction that the viscous dissipation
rate C should be inversely proportional to the distance from the surface. Klebanof?7 found it was
necessary to measure various derivatives of velocity components to accurately determine 1 ,
since local isotropy was not obtainable at his laboratory Reynolds numbers. Bradshaws determined
e by difference in his energy balance, and remarks that t "s a difficult and inaccurate quantity to
measure. The effective Reynolds number for the present study is several orders of magnitude
larger than the largest possible for boundary layers measurable in a laboratory. Based on mean
velocity and height above mean sea level the Reynolds number Uy/v for the present study varied
from 2 x ' 05 to 7 x !-06 .

An important property of high Reynolds number turbulence is the tendency for the small scale
structure to become quite variable, or 'intermittent". The extreme variability of the local dissi-
pation rate at high Reynolds number induced Kolmogoroff to refine' his previous' universal simi-
larity hypotheses based on the mear dissipation (C). Kolmogoroff assumed that the local dissi-
pation should be a log-normal rando, variable. Yaglom 10 has provided some physical basis for
this assumption by showing that at high Reynolds number the local dissipation can be written as
the product of a large number of independent identically distributed random variables using an
assumption much like the usual cascade hypothesis. Thus, by applying the central limit theorem,
the logarithm of the local dissipation should be Gaussian.

EXPERIMENTAL ARRANGEMENT

The crucial requirement of a stable instrument platform was satisfied by the Scripps Institution of
Oceanography Floating Instrument Platform (FLIP) shown in Figure 1. In the vertical mode FLIP
typically has horizontal motions of less than five feet and has had measured vertical displacements
of only three inches in 36-foot waves. She is equipped with sufficient laboratory space for several
instrument racks, and ample regulated power is available.

The experiments described in this paper were carried out on FLIP about 50 miles off the Mexican
coast with the wind from the west over the open Pacific ocean. Wind velocities in the streamwise
direction was measured using a Thermosystems linear constant temperature anemometer circuit.
A platinum hot wire two mm long and 7. AZ micron in diameter was used, as well as a tungsten
wire 1 mm long and 3. 8 microns in diameter.

The probes were mounted on a fin stabilized "fish" suspended by Lable from the end of the 37
foot port boom as shown in Figure 2. Pendulum motions were prevented by tag lines attached to
the cable above the fish. The probe was positioned in the boundary layer by pulling up tho support
cable on a winch.

The cable connecting the hot wire in the anemometer bridge was Z00 feet long, and consequently
iU wan iadeiaty to niodify the aneinumekr bridge circuit to achieve stable operation. Some loss
of frequency response was observed above about 2, 000 hz, but this is adequate for the present
measurements.

The local viscous dissipation rate per unit mass 4 is given by

1 J UJ

where v is the kinematic viscosity of the fluid and e.. is the rate f.4 strain tensor 1/Z( i/aj +
u/ x). Summation over repeated indices is assume. For locally isotropic turbulence

thl mean dissipation rate (C) may be measured rom the mean square streamwise gradient of
the streanwise velocity 'u / x I

=15V01 (SI/aXl 2 (2)
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Since the output voltage i of a linearized hot wi anemnometer circuit is

e z A u1  (3)

and sine

I do d (Au I ) du 1
e dt Auldt dx 1  

(4)

it is clear that (c ) may be measured without knowing the calibration constant A in (3) iince,

from (3), (4) and (2)

e 15v de 2

The approximation that ((de/dt)/e)2' is ((de/dt) Z)/ (e ) 2 is valid if the voltage and its deriva-
tive are independent or if e is nearly constant. These restrictions were satisfied to a sufficient
degree for the present experiments.

RESULTS

Figure 3 shows the calibration curve for the linearized hot wire anemometer measured in the
Aerospace and Mechanical Engineering Sciences Department wind tunnel after the operation at sea
using the same circuit and cables. Clearly the response is linear within experimental error.
The zero point was tested immediately badore and after each of the measurements at sea and no
measurable shift was observed.

Figure 4 shows a log-log plot o1 E (hereafter, average brackets on f are assumz-ed) estimated
using the approximate form of equation (4). The linearized anemometer output wav recorded on
a strip chart and the mean value (e ) determined directly from the trace. The mean square
derivative ((de/dt)2 ) was estimated from a simultaneous strip chart recordinr of the Hewlett
Packard 3400A RMS-Voltmeter DC average output with twenty second time constant. The input
derivative signal was obtained by preamplifying the anemometer output, band pass filtering from
0. 2 to 2, 000 hz, and differentiating this signal using Tektronix O-unit operational amplifiers
and a Krohn-Hite 330-A filter.

During the measurements the mean velocity at 10 meters was about 720 cm/sec measured using
... b .... u,)n-.r .,ibitioiA curve o; FitAe 5. might ';z noted that thia velocity is about 30 per
cent lower than the value indicated by the ship's cup anemometer. As shown in Figure 1, FLIP's
anemometer Is close to the ship's hull where the flow might be accelerated by this amount, and
this is assumed to have been the case.

The heights above mean sea level are accurate to about ± 1 foot in Figure 3. Vertical motions at
the end of the boom were approximately ± 6 inches.

Wave heights during the test were about 2 meters peak-to-peak so that the 1 meter point on Fig. 4
was actually below th crests of the higher waves. Shortly after the probe was moved up to the 2
meter position a wave immeried the bottom of the fish, narrowly missing the probe. The point
at 14. 2 meters was obtained by mounting the probe on the radio antenna extending from the upper
deck.

The data in Fig. 4 is compared with a line of slope minus one which might be expected for a
constant stress turbulent boundary layer. Assuming that energy flux lp lost only by viscous dissi-
pation using u,/Ky for the mean velocity gradient leads to the result

S * 3 /Ky (6)

1/2
where u* is the friction velocity (a/p) , r is the stress, p is the density, K is Von
Karman's constant 0. 41 and y is the distance from the bc ndary. Close to the surface but far
from the viscous sublayer a high Reynolds number equilibrium turbulent boundary layer should
have constant stress, so ( should be inversely proportional to y a& givan by %5). Hence, by
measuring ( and y given K and p , it should be possible to determine the stress a using (5)
and the definition of u* .

Figure 5 shows the data of Fig. 4 plotted as 1/( versus y , in order to determine a virtual
origin yo for the expression

1/(z = (y-yo) (7)

In this way u* was found to be 19. 6 cm/sec, corresponding to a stress of 0. 47 dyve/cm and a
drag coefficient Cn m (u1*/U 1 0 )2 of 7.5 x 10-4. The virtual origin y was 1/2 * 1/2 meter, much
smaller than the height of the waves. U 1 0 Is the mean velocity at 10 gieters.

The Indicated drag coefficient is rather low compared to most recent measurementsewhich give
values about twice as larga based on profile measurements or direct measurements of stress. It
is not clear at this time why the dissipation technique should give a lower value for C1 0 than the
conventional rv-thods, and further work is in progress to answer this question. It is conceivable
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that the low C1 0 value occurr-d because the boundary layer was st-Able since the air and water
temperatures were not mesured at th tirie of the measurements. However, since tmeasurements
or, previous days indicated air tempera 'res -ilghtly cooler Can the water, and since the measure-
ments were made in the afternoon of a wondy, sunny day, it seems probable that the boundary
layer was neutral or slightly unstable.

Figures 6&, b, and c show streamwise velocity spectra measured at heights of 1, 2, and 7 meters
above the mean sea level. Velocity signals were recorded on a magn,3tic tape as 12 bit samples
at 350 samles/sec. Spectra were computed using the fast Fourier transforms of Z048 sample
recordi averaged over 20 records for each position. The spectra are compared with the -5/3
slope expected from Koirnogoroff's second similarity hypothesis. An interesting Icature of the
Rnec t rp i a slight hit s.gnifizant 6in which appears for he;- t - f 1 and Z meters at wavenumber
k-= Z-r/y , or waveleng . X = y . For the spectrum at 7 meters the dip, if any, is less distinct.
Pond mentions a similar distortion in his spectra maasured in the wind over waves in a bay.

Data used to calculate the spectra of Fig. 6 were also used to calculate the statistics of the velo-
city difference for small separation shown in Fig. 7. Since the mean velocity for each set of data
was approx: tately 350 cm/sec and the turbulent ,'tensity (standard deviation) was only 4 to 5 %
the samples in tine correspond to samples separated in space by a distance of about one centi-
meter. Since the spectra of Fig. 6 show viscous cut-off, it is also clear that this separation is
smaller than the viscous scale so that velocity differences between successive samples approximate
values of the velocity decivative du,/dxl.

Figure 7 shows the calculation of the probability distribution functions for the logarithm of the
velocity difference squared for the data at the three elevations. The probability coordinate has
been stretched in such a way that Gaussian distribution functions lie on straight lines so that 1 he
data can be compared with the log-normal distribution predicted by Kolmogoroffe and Yaglom for
,,rbulence at very high Reynolds number. Also shown i" Figure 7 are kurtosis and skewness

values for the velocity difference Au . Kurtosis is de. d as the fourth moment about the mean
of a random variable divided by the square of the secon .oment, and skewness is defined as the
third moment divided by the 3/2 power of the second.

It is clear from the plot that all the measured distribution functions can be fitted adequately by
straight lines over the range of probabilities from 50 to 99. 9%, corresponding to log-normal
behavior. Feynolds numbers based on mean velocity and height above mean sea level ranged
from 2 x 101 to 2 x 106 . Values of kurtosis were about 20, which is very large compared to
3 corresponding to a Gaussian distribution and illustrates the phenon, ion of small scale inter-
41,ki.4ty for high Reynolds number turoluience. Using a method sugg-sted by Batchelor, a kurtosis

value of ZI corresponds to a Gaussian derivative concentrated in only 15 per cent of the fluid
volume. It is interesting to not that the measured values of kurtosis do not show a tendency to
increase with height, and hence Reynolds number,as expected if Reynolds number is the only
factor determining intermittency. The implication is that it is not. Skewness factors were very
large and negative, consistent with previous evidence that turbulent fluid elements tend to be
stretched into sheets, but inconsistent with a great number of measurements which give about
-0. 4 for this quantity at lower Reynolds numbers. Skewness values are notoriously difficult to
measure accurately, and it may be that 4 x 104 samples are inadequate for convergence. The
fact that three sets of sample - :.7! size gave consistent magnitudes and trends for both kurtosis
and skewness does seem to suggest approximate convergence, however. Because the velocity
differences were usually only a few bits in magnitude in spite of the large dynamic range provided
by 12 bit velocity samples, it is possible that a systematic round-off error could affect the
moment calculations. Examination of the individual distributions did not indicate that the deviation
of the skewness factors from -0. 4 could be accounted for in this way, however.
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Figure 1 Scripps Institution of ceanography Floating Instrument Platform -FLIP
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Figure Z Hot wire probe mounted on "fish" suspended from boom. Tag ies below prevent



5-6

14

12

I0

8
U

m/sec
6

4

2

0 i
0 I 2 3

E, VOLTS

Figure 3 Calibration curve for inearized hot wire anemometer measured aftr sea tests.

500 ...

\050V
\0

0%

10 1 J l l I ki . ....I05 10

Y, METERS

Figure 4 Viscous dissipation rate versus height above mean sea level,



5-7

u*:op'2 19.6 cm/sec1 K 0.41

Cloz(u*/U::,)2 -s7.5 x IC4,Uioz 720 cm/sec

8 a z0.4 7dyne/cm 2 /

E/

N'/

0 /1K
X 7 .- E3(y YO)

2 y'/2m /

0 4 82 16 20

Y, METERS



Vc

~- /13

/ ~-00
/,p CP

-~Tg .

2A

on

0

loo 00 2
01) 3i~nu33dsANAN



I:

.- 9

lOS i : Y'•TMETE,:5

I0*

0 1 "

'-2 410

OwvE NUMBER, I0CA

Figure 6c Velocity spectrum at 7 meters.

t

C0M~S0N WITH

99- LOGNORMAL. DISTRIBUTION mer

99

968 7 1%6 45w
95 -" 2 . ; 22.1 -O ."M

go- 1 234 -089t

70 
u

40.

20 r"-
0 I 2 3 4 5 6 7 6

co

Figure 7 Distribution functions for velocity differences.

I



LONGITUDINAL AND LATERAL SPECTRA OF TURBULENCE TN THE ATMOSPHERIC BOUJNDARtY LAYER

by

George H. Fichtl*
Aerospace Env iroinent Division, Aero-As trodynamics Laboratory

NASA - eorge C. Marshall Space Flight Center
Ma~rshall Space Flight Center, Alabama

and

George E. Xc~rehil
Cornell Aeronautical Laboratory. Inc.

Buf~alo, Kew York

Sienific Assistant.

Head, Dynamic Meteorology Section.



eI

SIUhUARY

An enjin'xeing spectral model of turbulence is developed with htrizontal wind observations
obtained at ttje NASA 150-meter meteorological tower at Cipe Kennedy, Florida. Spectra, measured
at six levels, are collapsed at each level with (nS(n)/u*,f)-coordinates, where S(n) is the longi-
tudinal or lateral spectral energy density at frequency n(Rz), uto is the surface friction velocity,
and f equals us/fi, a being the mean wind speed at height z. A vertit al collapse of the dimension-
les spectra is produced by assuming they are shape invariant in the vertical.

An analysis of the logaritbic spectrum in the inertial subrange, at the 18-meter level,
splies that the local mechanical and buoyant production rates of turbulent kinetic energy are

balanced by the local dissipation and energy flux divergence, respectively.

I.



I. INTRODUCTION

To deteoine the response of space vehicles, aircraft, tall structures, etc., to atmospheric

turbulence, the etooiater requires specific information about the spectral nature of atmospheric
turbulence because the equations of motion of these vehicles or structures are linear and are
solved with Fourier transform techniques.. Thus, the environmental forceing functions must be
represented in tets of spectra. Motivated by this requirement, we havo developed a model for the
longitudiual a horisont&l lateral spectra of turbulence for the Kennedy Space Center area. The
longitudinal and ljrekral components of turbuleuce are the wind fluctuations parallel and 1 to
the mean wind ve'tor (see Figure 1).

11. THE NASA 150-I-TER MITEOLOGICAL TEBR

To obtain mit.roweteorological data representetive of the Cape Kennedy area, especially in the
vicinity of the Apollo/Saturn V launch pads, a 150-mater meteorological tower was constructed on
Merritt Island at KSC. The tower facility, discussed in detail in a report by Katfuan cr4 Keene
[1], is enly briefly described here.

Terrain Yeaturte

Figure 2 shows the location of the facility with respect to the Saturn V space vehicle launch

complex 39. Located about three miles from the Atlantic Ocean, the tower is situated in a well-
exposed area free of near-by structures which could interferv with the air flow.

The aerial photograph (Figure 3) of the terrain sur-ounding the tower (point T) was taken at
3500 feet above mean sea level. In the quadrant from approximately 300 degrees north aninutblvith
respect to the tower, clockwise around to 90 degrees, the terrain is homogeneous and is covered with

vegetation about one-half to one and one-half meters high. Another homogeneous fetch with the sam
type of vegetation occurs in the 135- to 160-degree quadrant. The areas A (230-300 degrees),
B (90-135 degrees), and C (160-180 degrees) are covered with trees from about 10 to 15 mters tall.
The fetch from the tower to areas A or C is about 200 meters, and the fetch to area B is about
450 meters The height of che vegetation over these fetches ranges from one-half to one and one-

half meters, as in the area to the north of the tower. To the south-southwest in the 180- to 230-

degree quadrant 225 meters from the tower, there is a body of water called Happy Creek.

Ins trumentat ion

The complete tower facility comprises two towers, one 18 meters and the other 150 meters high
(see Figure 4). The levels on both towers are instrumented with Climet (Model CI-14) wind sensors.

Temperature sensors, CiLuet (Model -016) aspirated thermocouples, are located at the 3- and 18-mster

levels on the small zmwer and at the 30-, 60-, 120-, and 150-meter levels on the large tower.
Foxboro (Model F-2711AG) dewpoint temperature sensors are located at the 60- and 150-mater levels
on the large tower and at the 3-meter level on the 18-meter tower. Wind speed and lirection data
can be recorded on both poper strip charts and analog magnetic tapes with an Ampex n1-1200 fourteen-
channel magnetic tape recorder which uses a 14-inch reel. The temperature and dewpoint data are
recorded on paper strip charts. To avoid tower interference of the flow. the large tower is instru-

mented with two banka of wind sensors. The details of how and when one switches from one bank of
instrumentation to the other bank is discussed by Kaufman and Keene (1). During a test in which
the wind data are stored on msgnetic tape, only owe bank of instrumentation is used to avoid inter-

ruption of the wind dkta signals within any maegntic tape recording period, and thus to avoid data
processing difficulties when converting analog tapes to digital tepes,

Surface Roughness LeAth (eel

In an earlier report, rlshtl [2] discussed the surface roughness length ,onfiguration aesoc-

iated with the NASA meteorological tower. This analysis was based upon wind profile lao that are
consistent with the ouln-0bukhav similarity hypothesis. The calculations of so were based On wi
daca obtained at the 1$- and 30-mater levels and on temperature data obtained at the 1- ard
60-oator levels. Most of tM reasuresnts were obtained during the hours of 0700 and 1600 EST; the
gradient Richardson number* at 23 meters (geometric height between 18 and 30 maters) for the thirty-
nine cases ranged between -35A8 and 40.079. The results of these calculations (see Figure 5) she
the effect the terrain features have upon the surface roughness, Later. it will ae ehos, through
an analysis of the energy budget at 18 meters, that these roughness lengtlu are too large.

IL. C0U.ATI0OS AND INITIAL SCAUL. 1

To establish a spectral model of turbulence for the Kennedy Space Center, approximately fifty
case* of turbulence were analysed, The procedure used to calculete the longitudinal and lateral
components of turbulence coneisted of (1) converting the digitisd wind speeds and directions
(10 data potits per second) into the associated north-south and east-mest c o ente and averagil
these €ononente over the duret ta time of each test, (2) calculating the mean wind speed sad direc-
tiou with the averaged components, (3) projecting the original digitized data onto the mean mind
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vector and subtracting the mean wind speed to yield -he longitudinal components of turbulence, and
(4) projecting the original digitized data onto a nomal-to-the-mean-wind vector to obtain the
lateral components of turbulence. Trends contained within the data were removed by fitting the
longitudinal and lateral components of turbulence to second order polynomials and, in turn, sub-
tracting these polynomials from the component time histories. To reduce computation ti-', the data,
with trend removed, were block-averaged over half-second intervals. The longitudinl an lateral

spectra were calculated by using the standard correlation Fourier transform methods given by
Blacwkan and Tuey 3 . The e spctra were corrected for the half-second block-averaging operationwith the procedure given by Pasquill 141 and for the response properties of the instrumentation.

To combine the spectra for each level on the tower, it was assumed that the similarity theory
of Moin [5) for the vertical velocity spectrum could be applied to t -e longitudinal and Irteral

spectra, so that

- F(fRi), (1)

where nS(n) is the logarithmic longitudinal or lateral spectrum associated with frequency n(&,
and u*o is the surface friction velocity, or rather, the square root of the tangential eddy stress
per unit mass. F is tentatively a universal function of the r .ensionless wave number f and the
gradient RMchardson number Ri. The dimensionless wave number is given by

f U (2)
u(s)

Since the tower did not have the capability to measure vertical elocity fluctuatins the
Reynolds stress, and hence %4, cannot be calculated with first principles; viz., uf - -u w , where
u' and w' are the longitudinal and vertical velocity fluctaations srd the overbar denotes a time-

averaging operator. However, an estimate of the surface friction veLocity can be calculated from
mean wind and temperature profile data.

According to Lumley and Panofsky [6), the mean wind profile in approximately the first 30 meters

of the atmosphere is liven by

; (a) - U!{l jflu *(xIL')} , (3)k,,

where k, i van Karman's constant with nusrical value approximately equal to 0.4, and is a uni-
* versal function of s/L'. L' is a stability length given by

L , (4)

twr T and 9 are the Kelvin and potential temperatures associated with the man flow. The quantity
aft' to related to the gradient Richardson number

li• (5)
!i (dA/dm) t

through the latimehio p

ia/L0 L (Ki <-0.01), (6)

s:L' -Ri (-0.01 5 Ri 5 0.01), (7)

and

alL' • * (0.01 a at > 0.01). (8)

_eel
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Equation (6) in a form of the KEYPS [6] equation. The functions *(z/L') associated withi (7) and
(8) are given by

*(z/L') = -4.5 (0.01 r Ri S 0.01) (9)

and

*(ziL') = -7 -( 0.1 a Ri >0.01). (10)

Lumley and Panofeky (6] have graphically indicated the function *(a/L') for Ri < -0.01 and the
function

1-zL .0674-0.679 ln(-z/L'/0.O1)

*(z/L') -0.044 / (Ri < -0.01) (11)

faithfully reproduces their curve.

The calculation of u was based upon the wind data measured at the 18- and 30-meter levels and
the temperature data measured at Lise 18- and 60-meter levels. Temperatures at the 30-mater level
were estimated by logarithmically interpolating between the 18- and 60-meter levels. An estimate
of the gradient Richardson number (5) at the 23-meter level (geometric mean height between the 18-
and 30-meter levels) was determined by assuming that the mean wind speed and temperature are
logarithmically distributed between these levels. The gradient Richardson number estimated in this
manner is given by

Ri(z$-) ~ '( - + j 7 ~ 1  (12)Ri~z) , T j7) ; n(Z2/Zj) Lz8 In z2/s, J',
(T(%)

where f(s) is the mean temperature at height a; a& and Z2 denote 18 and 30 meters; and a J8132 .
To calculate N~o, sg/L was evaluated for each case by man of one of the three equationa (6)

through (8), corresponding to the appropriat, Richardson number class. L' was then assumed to be
invariant with height, and *(18/L') was estimated by equations (9) through (11). Equation (3) was
then evaluated at the 18-mater level and solved to yield u*O. The values of s used for this cal-
culation are given in Figure 5.

IV. TIM INERTIAL SUBRM AND REVISED VALUES OF THE MIRFACK RMUIUS LITS

In the inertial subrange the lowgitudinal spectrum is given by

ftsu(n) -/ 3 - .
-k f (13)

where a is Ioborov's constant with a numerical value equal to 0.146 according to IMeord and
Crmer 171. The quantity 0,j is the d mensionless dissipation rate of turbulent kinetic energy
per unit mes given by

where t is the rate of dissipation of turbulent energy. Below 30 motors, where we should spect
the Monin and ObukhoW similarity hypothesis for the wind profile to be valid. 04 is a function of
Ai only.

Inferences concerniog the dependence of 06 on ti can be made with the aid of the eddy evarly
equation. For bemogeseous terrain, this equation is given by

-- I
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.2"' + L& +-"

where H/Cpp is the eddy heat flux e'W', p is the mean density, El the turbulent kinetic energy per
unit a"@, pI and w' denote the turbulent fluctuations of pressure and vertical velocity, and u* is
the local friction velocity (u* - ueo in the Monte layer). Following Busch and Panofsky (81, we
write (15) in dimensionless form, so that

.di
u20 dt " ( %o)'O " g" "  .(16)

* The term in this expression are in one-to-one correspondence with those of (15) and L is the Monia-

Obukbov stability length

L- (17)

Beer the ground a majority of mteoological conditions are characterised, at least approximately,
by horizontal hoogeneity, steady mean wind with no charge of wind direction with height, and steady
heating fro below. In most case, it is reasonable to aske these assumptions with regard to the

C tower site. Thu, to a reasonable degree of approximation, we have d/dt - 0, and equation (16)
Impliee that in the Mania layer

0- - Joe - 0. (8

Various authe have hypothesized various mchms to balance the left-hand side (18). Laley and
Pemofeky 16) eoMgat that the local mechanical energy production is balanced by the local viscous
dissipation, so that

% a~*(19)

and ths the buoyant energy production is balanced by the energy flux divergence term, m king

S- ,/7, (20)
suc and Pawfae I6) svgmt tht be flu divergme t i- neligile an th local vicm4

disIpatim t balms b bot t locl m il an buoyant enrgy production , so that

- aft.l iX

ecaf tol 1191 Y en 1|) lOS Z end

in do"*ale Nma lawer Tis fam of the dimsmilee shAr is Ofteiatent with (6). Ug...mbia (13). (19), and (22), the peetm ta the Ko lmorm suras lot hpthests I tskm the

SCIM1) k (1 Igi)-XJe r1" . (23)

C016i f (6), (13), (17), (11), a (22) yineld

ji .a/( k i} a (24)



lor hypoth~sis 11, where 36 and Kjh art th. eddy viscosity and hoat conduction coefficients given by

KS (25)
dud

and

rh 3d (26)
ppds

Figure 6 illustrateoo S~n) ll ind (nun/T 111 as functions -1i for f -1.0 and
Rh/r, = 1.3. Am -ii approachm infinity, [ns,(n)/ 401 converges to sero and [nSu(nj/iuo11i
diverges. As -Ri approaches taro, Jn8.,(u)/u~ojI asymptotically approaches [nS.4(n /uoc,. The
difference betwen (Sland f'ulj! is small (within the noise level of the data) for ii> -1.0,
and thus it is difkiculf to rejec one hypothesis in favor of the other for sufficiently small -Ri.

The 18-meter level, longitudinal spectre were used to test hypotheses I and It. At 18 moters
the '60t-Off valUe Of f Waa aWzr~ ' " n fi amet of the case@ Actually, the .olmogorov sub-
range occurs at such greater dimensionless wave numbers; however, the -5/3 power law behavior
extends down to values of f on the order of unity for the longitudinal spectrum, while this is not
true for the lateral spectrum. In addition, the Monin and 0bukbov similarity hypothesis far the
wind profile up"i which the calculation of utc is based is at met valid below 30 meters. Accord-
ingly, the l8imeter longitudinal spectra are the only onss that could be used to test the validity
of hypotheses I and 11 without introducing assumptions about bow the eddy stroe and heat flux vary
with height.

in figure 6 we have plotted the experimental values of n8u(n)/40 for the longitudinal spectum
for f - 1.0 as a function of -Ri. The experimental results scatter about the dashed line, but they
appear to favor hypothesis I more than hypothesis I1, especially for Ri 9 -3.0. If we accept hypo-
thesis 1, then we mast conclude that the scaling velocities, %0. are too large aid thus the rough-
nee@ lengths ore too lar~ea. If we reject hypothesis I, then we asut accept a more comlicated
energy balance system. We shall Invoke 0ckhm 5 razor and accept hypothesis I amd correct the sur-

taerougbmesa lengths.I

We denote the surface rougbsss lengths in Figure 5 with a a nd the correct ones resulting
from 1hw arolysis of the longitudin. spectrum will be denoted tth a.. The coreponding friction
velocities will be denoted by a,,, and u*,. respectively. The longitudinal spectrum In the tar-
tial subeange, scaled in team 6f-u*co. is given by

aS (n) sl*R).e( -le)eer '
abla/3 o tn-er/.(27)f

The data points in Figure 6 correspond to s8()t~ et sa(W4/u. At neutral stability (at e0).
We hey. #(0) *0, eMd (2?) reduces to

ag) bals
* LL.(26)

foe f *1.0. Demoting the right-heM side of (26) by )r2 and solving for as. we find

I 5 -X X (9
so a no

UPMemspeetift the date In "iSune # to U 0 at f *1, we find 3S'(3)1 4 "0 0.14. go 9t
x a .059. Soe amvalwaeeof so th*.e value of Xmd a a S a a isosa Figure?. -
StitutAm of (29) Late (27) yisl

J*

akial (I -&/$ (30
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X a 1.059 and %, - 0.16 a (z - 0.23 in), and it appears to fit the data reasonabli vell. TheI!function 1n8.,%n)/%42G1 rar the range of variation of a. 'tustrated in Figure 7 departs from
the dashed curve by on1;1&0fsw teLtha of one percent. This mu.,as a spectral model of the 1.jngi-
tudinal and lateral components of turbulence can be developed in term of u*, and the finalIi results can b. corrected by applying a multiplicative factor iOich to a function of the Richardson
nmer and a nominal roughness length for the site.

V. EXTRAPOLATIOI TO NEUTRAL WIND CONDITIONS (Ri - 0)

t*e metetorological conditions of particular engineering interest are those associated with
man wind speed@ at the 16-meter level greater than approximately 10 w sec-1. During these flow
conditions, the boundary layer io wall mixed so that vertical gradients of the mean flow entropy
and thue potential temperature are small and the wind shears are large. Thus, the Richardson

I br vanishes or at least becomes very email. Accordingly, the neutral longitudinal and lateral
spectra awe of particular interest in the design and operation of space vehicles. The neutral
spectra were determined by extrapolating the data to Ri - 0 by the procedure developed by Berman
191. Scaled spectra al(n)I/4oo ware plotted against Ii for various values of f, and curves were
dram by eye. Of cotras, the data points scattered about this line. The values of nS(n)I4ou at

aia0 were then reed off and corrected by multiplying the results by e 2 to yield the neutral
spectra nS(n)/t46 for the various levels on the tower. The results of this graphical process are
ehmm in Figure 8 and 9 where the pos itions of the maxima shift toward higher values of f as too
height Jace""e. This mans that lHoun coordinates (nS(n)1s,f) fail to collapse the spectra in
the vertical so that ?(f. 1i) ia not a universal function, and thua an added height dependence
should be included in thes analysis. Duech and Panofeky I6) have obtained similar results from
alyea of tower data from Round Hill. The failure of the Honin coordinates to collapse the,

spectra in the vertical can be attributed to vertlcal variations in both the Reynolds stress and
the length scale used to scale the wve number n/fl(a).

Above the Hernia layer (a < 30 a) in the 11ea= layer (a > 30 a), the tanga~tial Reynolds strem
decrease with height. In addition, the variances of the longitudinal and lateral components of
turbulence are decseaeing functions of a, Thus, i1 ue In the cocrret scaling velocity, scaling
tir spectra with the surface value of the friction velocity will cause the scaled spectra at the

upper levels to fall below the 16-mneter spectra.

IV scaling the wave number with a. we have asaimed that the integral scales of the longitu-
dinal an lateral comoents of turbulence are proportional to a. one might suspect from the
beAvilor of eddy coefficients 1101 that, if the local integral scales have vertical variations,
dm they should increa at a rate slower than a. in addition, we have no knowledge that the
Sategral scalee of tk1 lengitudinal and lateral spectre should have the sme vertical variation.
Iftsve r %he analyes shame that Hoots coordinate* will collapse spectra asociated with various
turbulence intensities at a"~ particular level in the vertical,

2o produce a vertical collapse of the dae it was assumd. for engineering purpoes. that
the spectra In lsi cooriates awe shape-infvaat in the vertical. This hypothesis appars to
be teasonable and permits a practical approach to developirg aegineer ing spectral model of

On ertical variation of the diasmeicalse wae MAmer L., sociatad with the peak of the
lqesishei "trunw sealed In Man coordinatee In live* to Pre 0.Aeatsur. lyi
of the date inW i figare yields the reetlt

Ams a ia is meter. A plot of a (sI4.vsstffm will shift the spectre at the various
imnle so that all dhe peeba of the Ingaitkaic loqitual apectre ane locat-d at f/L, - 1.
Values01 rM from other tmmr sites ane indicated to Figure 10.

aseaverage raio of the shifted spectsu at level a end the li-astec spectrum.

sb(~mtr,)j6(f/fm',lS in abow is Figure 11. A Iceet-equame analysis of thoe data yielded

Akie to tal).(w

ubm a Lain mtere. A plot Wgujo)Ift6o Versus L/In Will collapGe the loq6itudinal spectra.
S cellepeed longitudinal data are plotted an function c0.03 f/~inu 10igure 12.
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The function

nS (a) Cuf/fo, 
33

P. u.2. (1 + l.5(f/fm)rUj5/3ru

was selected to represent the longitudinal spectrum, where Cu and r ate positive jonatante, deter-

mined by a least-squares analysis. For sufficiently sal valueso f, nu(n)/Au 0 .o asymptotically
behaves like f/Io which Is the correct behavior for a o-leeoa vpctim 0tlrevle
of f, nS.4(n)/4 asaympotically behaves like (ffau'21, consistent with the concept of the
inertial subrange. The maximum value of (33) occurs at f - fm1 . Variouas authors have suggested
formulas like (33) to represent the longitudinal spectrum. However, moat of the represenattious
have only on* adjustable parameter available, while (33) has two: Cu and ru. In this light (33)
appears to be superior. Cu controls the magnitude of the peak, ru controls the peakeness, arid
fmu determines the position of the peak of n~u(n)Iujo. Upon setting ru - 5/3, we obtain the forst
of the longitudinal spectrum suggested by Panofsky [6) to represent th strong wind spectra of
Davenport 111J. Von larman's longitudinal spectrum 1121 can be obtained by setting iu 2. A
least-squares analysis of the longitudinal data in Figure 12 revealed that C., - 6.19 an r" -0.843.

The Lateral Spectru

The lateral spectra Sv, can be collapesd with a procedure like the one used for the longituatnal
spectra. However, to determine an analytical expression for the lateral spectrum, special attention
must be paid to the inertial subrange to guarantee that &S/S a 3/4 (13J. Trhis requirement can be
derived from the mea continuity equation for incompressible flow subject to the condition that
the eddies are Isotropic in the inertial subrange. The experimental values of im, and N are given
in Figures 10 and 11. These data show that fey and ft can be represented as power law as for the
longitudinal spectra. The function

niv (n) _____________

(34)
Su'o (I + l.5(f/foy)J/

was used to represent the scaled spectca, where C., and rv are positive constants. This function
behaves like the one chosen for the longitudinal spectrum.

For sufficiently large values of f. the asymptotic behavior of the ratio between (33) and (34)
is given by

S C 2\13 (..L
_1-u U /mu 43 v ru (35)

In the Inertial embrange we must have 3,/Sv a 31A, so that upon substituting this rat.,0 isto (35).
we obtain a relationship that can be ated as a c, astraint in the determination of values of C. and
rv and function to represent .4 ad fov. The values Cv 3.954 sd rv *0.701. sodthefuctifna

f 0.1(211$)0-~ SO)

and

along with the longitudinal parmters will satisfy condition (35) eOW sl0ltaeoly give a good
fit to the data (a is to mters). 1U collqpsed lateral spectre Mnd the funactions liven by (3)
end4 (34) ore *bMN to Figure 12.

t. UNSTABLE gflCTIA

To develop en engineerings model for mnstable, conditions, the unstable spectra were averaged
sad then corrected by mltiplicatim with
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In __ * (Ri )  2

In *-(Ri)J
-o

for x - 18 a. zo " 0.18 a, And Ri - -0.3. The longitudinal and 1i leral speccra for the inan

unstable conditions ore shown in Figures 13 and 14. The unstable spectra were collapsed by usirg
tt.j procc ',re* for the neutral boundary layer and the functiuns (33) and (34) appear tu be equauly

valiO for the unst-le case. The functions f u, fv, Ou and 0V are depicted In Fi,'ures 15 and 16,
and the functions nSu(n)/ uk o and ngv(n)/pvulo are given in Figure 17. Table I sumariues the

apectral properties of turbulence for unstable and neutral cunditions.

Table I. Suummay of the Spectral Propevtiaa of Turbulence for Neutral and Unstable Conditions

C f/f,

o  1 + l.5(/fm)r) )

Neutral Unstable

Cu  6.198 2.905

Cv 3.954 4.599

ru  0.845 1.235

rv  0.781 1.14

fm 0.03(z/18) 0.04(t/18)0
° '

fm 0.1 (z/18)°',8 0 033(z/18).
' 72

(=/18 "°'e  (X/18)-o. ,

I (X/18)"°'35 (=!18)-o00

VII. THE WNGITUDIN AM LATERAL CORRELATION FUNCTIONS

The norali i correlation function R(x) at space lag x is related to the spectrum through the

F-arier integral

rtR(x) Z S(;K) coa(21m) dK, (38)

0

where DS(6K) i the spectrum at wave number K (cycles m "l) and a is the b.andard deviation of the
turbulence. The wave number is related to the frequency through Taylor's hypothe;is (K -afi).

Substitution of (33) or (34) into (30) yields

Go

2 C coo OnE it) dt (9
CO  (1 + 1.5 r)5/3r

where

xf

The quantity f it the dL.vn-ionleas space lag at height s and the integral in (39) is a function

of | only. Integration of (39) for n*utral and unstable conditions with Simpron's rule yielded the

results shown itn Figure* 18 and 19.*1



The diznionless stan cd deviation o/02so can be obtained from (39) by settLng I I) a-,
then taking the positive square root of the resulting expression, so that

The rght-hand side of (41) is a pure nober, values for which can be frnd in Table II.

Table II. Table of Properties of the Correlatton Functions
for Neutral and Unstable Conditions

Ntutral Unstable

J/f'U.o 2.227 1.897U U

v/ 2' 1.677 2.302

an f/Z 0.282 0.188

L, f Z/. 0.332 .199

The function

+2
+ /" g2/ 3  (42)

was selected to represent the results of the numerical integrations for the neutral case. The
parameter 6 is determined by least-squares methods. For sufficiently small values of , this func-
tion behaves like

815) (43)

Now the theory of isotropic homogeneous turbulence predicts that in the inertial subrange

Rv(X)" 4

R (X) - i 
(44)

u

and (43) predicts that

5(1 1

as --. 0. The quantity within the braces on the right-hand side of (45) is equal to 4/3, according
to (35), and au/ov 0 1. The apparent inconsistency between (44) and (45) results because (44) is

based upon the entire flow bsing isotropic, while (45) is based on spectra associated with turbu-
lont flows which are only locally isotropic in wave number space for sufficiently large wave
numbers. Thus, upon producing the Fourier integral, equation (39), we obtained contributions to
R(t) from both the tootropic and Anisotropic portions of the turbulent flow. The quintities

6 4.758
u

and

3v 3.399iv
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and the function (42) reproduce the results of the numerical integr&tiona of (39), for the neutral
case, to within a few percent.

In the unstable case, the function (42) does .ot reproduce the results of the numerical inte-
jratiLons at large values of t for all values 8. To remedy this, an exponential factor was intro-
duced ioto the expression, and the tun-tion

S F+ 6.815 C 12/ (46)
( 1 .5 )0 O r

was selected to represent the results of numerical integrations for the unstable case, The quanti-
ties X and 7 are determined by least-squares methods. It appears that 7 " 0,9 can be used for both
the Longitudinal and lateral spectra, and

= 2,22

- 2.02.

The function (46) yields a good fit near 1 - 0; however, it departs fron the results of the numeri-
cal integrations by appromately 10 percent at I - 1. Near the origin, (46) behaves like (43),
consistent with hypothesi of the inertial subrange.

Let us now turn our attention to the longitudinal and lateral in:egral scales of turbulence
which are defined by the expressioa

L* R(x) dx. (47)

0

The integral scale defined in terms of the dimensionless space lag is given by

Lef~m - R(Q) dt. (48

0

This integral in a ptre number, and upon substituting the expressions given by (42) and (46) for
R(9) and employing Simpson'. integration rule, we obtain the results in Table II.

Paaquill [41 has represented the correlation functions of atmospheric turbulence with t'e
express ion

R(x) - xL (49)

The logarithmic spectrum associated with this expression is given by

n8(n). .2 21 1Z(0
uo x ul (2, ,'') +1

This function has a maximum value at

-- f- -0.159. (51)

This value of the dimensionless integral scale is significantly les (approximately 45 percent)
than the ones in Table I for the neutral case. Hlowever, for the unstable case, the integral scales
given by (51) depart froa the ones in Table II by only approximately 20 percent.

In the neutr al case,iu and fv ara proportional to • and , so that L is a constant and
; is proportional to °0 . The former is consistent with the results of Davenport's [111 analysis



6-il

of h1.k wind speed spectra. In unstable air, f4 and fav are proportional to O.87 and zO -72 
mw

thus L and 1: are proportiomal to z . c1 and eo -

VIII. THE DISSIPATION RATE OF TURDUJZCE

It is possible to estimate the dissipation rate or turbulence by exaninig the asymptote of
the dimensionless logarithbe.i spectrum for large f values. According to (33), the longitudinal
spectrum, for sufficiently large values of f, is asymptotically given by

uSu(n) Cu (fl--)-21.

_UI (lA. )$/3ru

squating the right-hand sides of (13) end (52), we obtain

k

06 ~ (Cu/:)3/2 e12a f (53)
.(15) U

According to the information given in Table I and (53), 0c in neutral air is given by

il - (Z/18) 0 ".5 5 , (54)

while in unstable air, we have

60 " 0.63(z/18) 0,8. (53)

One should keep in mind that (55) was derived from a spectral model which is an average of the
unstable data, so that (55) is probably valid f,)r conditions associated with values of RL on the
order of -0.3.

At z/L - 0 we have 0(0) - 1, so that according to either hypothesis I or II (see (19) or (21)),
we must have 0,(0) = 1. However, (54) predicts that 0C(O) < I below z - 18 m for the neutral case
and at z - 0 we have 0,(0) - 0. Actually, the layer of air in the domain 0 < z 18 i to in the
Honin layer, and we should have 0. a 1 throughout this layer during neatral conditions. If we
accept a 10 percent error in 0 as a measure of the validity of the spectral representations given
by (33) and (34), then it foll4s from (54) that the model can be extrapolated down to the three-
meter level in the neutral case.

To understand the behavior of 0. in the unstable case, we write the eddy energy equation for
the steady state boundary layer in the form

(u,/u) - -
0  (56)

as we did in Section IV. Let us now assume that the heat flux is height invariant, so that L is a
constant. At the surface of the earth a/L vanishes, (u*/u*o)10(0) - 1, and t(o) - 0 according to
both hypotheses I and I; thus 0(0) a 1. As we proceed away from the earth to the unstable
Honin layer, i, is balanced by UL and 0, is balanced by 0 according to hypothesis I (in the )omin
layer 1 - ueo). Because 0 is a decreasing function of -a/L, it follows that ir is a decreasing
function of a below 18 a. However, based upon an analysis of a sample of CApe Kennedy data,
Panofsky suggests that 00 is unimportant in unstable air at 30 a and abovc. This conclusion may
not be strictly true for the entire layer above 30 a, but it is reasonable to suppose 09 becomes
negligibly small or vaniches somewhere above 30 a. In addition, for sufficiently large a, the
dimensionless shear 0 is small compared to -s/L and (u*/u*o)2 < 1, so that, according to (56), 04
can be estimated as -&/L. Thus, at sufficiently large heights, Ot is an inqreeaol tonctiou of s.
Therefore, 0 =mst experience a miniau in the lower levels. Since equation (55) implies that

is an increasing function of z in the unstable boundary layer (Ri(18 a) - -0.3), the minimm in
mst occur at the 18-aster level if we accept hypothesis I. The maismu in .0 probably occurs
somewhere between the 18- and 30-meter levels, if the implications of hypothesis I are correct.
If this minimum in 0, exists, it was not detected because of the wide spacing between the instru-
mentatiot evola on the tower.

The level above 30 a at which 00 vanishes '.n the unstable model can be estimated with (56).
Folloving Panofsky, we assume (u,/uo)o is small compared to -a/L, set 0 1D 0 in (56), end combine
the resulting relationship with (55) to yield
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L 0.63(z*Il8)o-038 (57)

where Z* is the level at which OD vanishes, The 18-meter level Richardson number for the mean
unstable model is on the order of -0.3. Therefore, according to (6), l8lL' a -0.19. Now,

L'ajL/Kh and %/N =~ 1.3, so that L - -73 m. Substituting this value of L into (57) yields
Z*- 63a.Above :his level, 0 ::nd:ODnerhe all and0 .. z1L. byi should be compared with~o

thisnayr there is a transition region, between approximately the 18- and 30-meter levels, in
which the energy budget transforms from a type I to a type III budget. A type III budget is one in
which the meschanical and buoy~nt energy production term and the eniergy flux divergez~ce term all con-t tribute to Oe to varying degr.3es. From the bane of the transition layer to a level on the order of
300 a, 0O and OD tend toward zero as z increases. Finally, above this level we have a region in
which the buoyant energy production is balanced by the dissipation. In order for this schemue to
work, the various function. in the energy equation must be functions of zlL and z must be scaled
with a length scale other than L. The additional length scale should be a function of the external
synoptic- sod smso-scale conditions which force the turbulent flow in the boundary layer,

IX. CONCLUDING CGUENTS

It is concluded that models of spectral forcing functions for the design of spe cc vehicles and
aircraft based upon sound scientific principles can be developed. However, Miach work remains with
regard to modeling the third and higher order mamnts and the associated spectra. This information
could shed some light on the structure of atmospheric turbulence.
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SIUAARY

Classical models of turbulence assume eddy stress to be proportional to mean strain;
they fail 1o predict eddy flux in fully developed regimes where mean shear and mean graoients vanish.
Such cases occur commcnly in jet-J"ke flows fur which the failure of ciassical models has caused
literature statements on "negative diffusivity" or other "puzztinq discrepancies."

Derived from basic fluid dynamics equations, an impr. ved .model assunies coupl ng between
macro and , cro eddy sizes of the turbulence spectrmn. This permits consideration of "conservation-
and-adaption" of fluid property along eddying trajectories, not only "conservation" as in cassical
models. Three-dimensional stmicture of turbulence can rnow be predicted without, as well with exist-
ing mban shear, and "countergradiant" flux can be a legitimate consequence of eddy structure, The
new model is applied to selected flow cases, for which the classical theory was unsatisfactory,
including the global jet-stream ts well h. smaller-scale circulations and also similar experimental
flow, in a rectangular condulit with controllod lateral heat flux.
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I. Intioduction

In environmental sciences a need exists for mathematical models which permit us to calculate
mean transports and eddy diffusion of air admixtures in the always turbulent atmospheric cfrculations
of various horizontal scales. Transport and eddy diffusion phenomena belong mostl.- to the class cf
boundary-vaiue problems rather than initial value problems, since quasi-steady inputs, or outputs
(af mass, momentum, and energy) at the atmosphere's lower and upper boundsry and subsequent
balancb requirements are the dominant features.

Essentially, the problem may be summarized as follows. Given characteristics of the mean
fields of atmospheric motion (V z=U +.J + .;), admixtures (a scalar i, per unit of mass, lilke a
mixing ratio), and temperature (T), what are the eddy variances and covariances which constitute
the symmetric tensor u v

7 L, V 7'w ye97 v T ;

& & Wiwi wis' wT ?

& & & 7a7 7T'

& & & & TT

(An conventional, the overba, indicates a "Reynolds average" and the prime an eddy fluctuation, or
tixbulent departure value.)

The problem involves the basic need to understand the coupling or feedback (between mean
fields I, and T, and variances and co-variances) imposed by the balance requirements. It Is, of
course, prohibitive with regard to cost of equipment and logistics to attompt a solution of the prob-
lem by the direct measurement of all eddy Lerms at any point in the atmosphere.

A more rational approach is to utilize theoretical models of the coupling. However, the classi-
cal or "phenomenological" theory assumes proportionality between mean stress and strain, and pre-
dicts eddy fluxes (for instance, w--T, or vr) with some degree of reliability only when respective
mean gradients (in the above instance, s- and T-y) are finite. Note that a partial derivative with
respect to a spatial coordinate 1 denoted by the respective subscript (x, y or z); for example,

= u' + Vy + Wz

In Se%;tion 2, flows with substantial regions of vanishing mean gradients and strain are docu-
mtnted for -h the "classical model" fails to explain observational facts. Developments in Sec-
tion 1 :'" ), reason for the failure and produce an improved model in which not only "conservation"
but al,. p.i A" of fluid properties along eddying trajectories is duly considered. Applications of
the ei trio observational facts documented in Section 2 are summarized in Section 4.

2. Documentation of Flow Types with Zones of Vanishing Mean Gradients

2. 1 Examples of Atmosnheric Flows. Orders of magnitude will be given in full, half, and even
quarter powers of ten if this improves the representativeness of derived quantities. For instance, if
the order of a velocity-squared is 107, the order d the representative velocity will be 103. 5. Atmos-
pheric flows with vanishing mean strain show, usually, levels of wind maxima; this explains the
terminology "atmospheric Jet-streams" although such flows are quasi-geostrophic and dynamically
different from true jets (discharged by a nozzle into quiet ambient fluid regions).

Most widely known is the set-like structure of the tropospheric westerlies, a ring-circulation
(at temperate laticudes) of about 109 . 5 cm circumference, a merldional and vertical width of about
108 cm and 106 cm, respectively. If zonally averaged, the core of the jet is found near 35 to 45 deg
latitudes, at sub-tropcpause pressure levels between 300 and 200 millibar. Its mean state can be
described by

(1) V. .u: v u0; vx ; VTU4T

Characteristic of the mean field are the following orders of magnitude,

(2) = l0. cm sec 10- sec-  -T/T 10 1 0  - .

In spite of Uy v a 0 there is mean vertical vorticity and the order of ( follows as Zu/r* where

L
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2we* 10. 5 cm - circumference of the closed x-trajectory. Evaluations of world-wide conventional

aerological soundings (seb Obasi (1963) or, for summary references, Lorenz (1967)) suggest the fol-

v sz W 16. 10 .bt = X100; v'W 10 all in cm2 sec ;

(3) T-T/f) z - l0 vT'/0) 101 cm sac

___The classical theory fmils Inasmuch as for finite u' the ratio -u'v'/u Is infinite while
47v/Ty 1011 cm2 sec - 1 Is considered a realistic value for the eddy dlffusivity of this large-
scale. Consideration of angular Instead of relative linear momentum enhances the dilemma since it
produces a pronounced counter-gradient flux. Lorenz (1967) discusses "negative" eddy vi.scosity
but concludes that we are dealing with a phenomenon quite different from classical turbulence.

Atmospheric examples of progressively smaller scales include the low-level jet (of 102 to 103 km
fetch), or other thermo-tidal motions over extended terrain slopes (down to 101 kim fetch along topo-
graphical contour lines), and katabatic winds (air drainage along 10-1 to 100 km fetch along fall
lines). Ekoeptional data on low-level jets were obtained during tWe U. 8. Air Force sponsored "Great
Plains Turbulence Field Program. " Sew Lettau and Davidson (1957). The problem of Interest here is
downward eddy diffusion rA heat and momentum across the level of wind maximum at night-time, and
upward eddy diffusion of heat at day-time across a ievel of minimum potential temperature (at about
50m abo'-& the ground). A counter-4radient flux is documented by data in Table 1 (extracted from
Tables 7.5. 1 and 7.5.2 in Le tau and Davidson (1957)), showing that eddy heat flux under "extreme"
lapse conditions, while independently known to be upwards directed at all levels listed, is accom-
panied by lapse rate and negative Richardson number only in the lowest layers. At 100m and above,
classical turbulence theory fails; furthermore, the local Richardson number loses evidently any sig-
nificance as a turbulence parameter, because it is always in excess of "plus unity" and larger for
day-time surface heating than for night-time cooling.

TABLE 1. Vertical Profile of Local Richardson Numbers (W Calculated from Observations of Veutorial
Vertical Windshear and Vertical Gradients of Potential Temperature in the Lowest 80Om above Prairie
Ground in Nebraska. Averages for Cases of Extreme Lapse and Inversion Conditions in the Surface
Layer.

m above ground 0.8 1.6 8 100 200 400 800

RI, extr, lapse -0.02 -0.04 -0.14 0.7 1.3 5.3 12.6

RI, extr. invers.: 0.07 0.09 0.18 3.9 3.1 4.0 1.0

The smallest scale atmospheric jet-like flows are favored by persistent inversion conditions over
extended, gentle and unifcrm terrain slopes. This explains that the U.S. Army (Quartermaster)-
sponsored antarctic research program in micrometeorology has produced extraordinary documentations
of such flows. Time restrictions prohibit discussion of detail, but it can be said that tower data from
Plateau Station (about 80 dog S latitude) show with exceptional clarity the feature of thermo-tidal
winds (for an explanation of the term, see Lettau (1967a)). Both wind speeds and mean rate of veering
(in excess of an "unbelievable" rate of 1 deg/in) increase with increasing inversional temperature
gradient in the lowest 32m. For references on katabatic flow, as observed at the South Pole by P.
Dalrymple, reference Is made to Lettau (1966a). In this flow, the Richardson number goes to Infinity
at levels as low as 2m, while eddy flux of heat remains "normal" but cannot be calculated if "classi-
cal" sim.ilarity concepts of eddy fluxes in the lower atmosphere are to be used.

2.2 Exameles of Laboratory Simulation of Atmosoheric Tot-like Flows. The common feature of atmos-
pheric "Jets" is their shallow, sheet-like structure with insignificant changes along the mean trajec-
tory. Although there Is only one solid boundary (the lower one) quasi- ?ostrophic conditions aloft
suggest a hypothetical upper lid. Hence, laboratory simulation with pressure gradient flow between
two parallel horizontal walls is more relevant than, for instance, boundary layer development in flow
past one plane wall. One-dimensional pressure gradient flow (made "sheet-like" by suitable aspect
ratio of the conduit) where the mean shear Is essentially unidirectional ("), can readily be subjected
to controlled heat flux by maintaining the two walls at different but horizontally uniform temperatures.
Outstanding examples of such experiments are those reported by Page "~i. (1952) and Corooran et al
(1952) containing detailed profiles of eddy diffusivities of u-momentum Xu) and heat (CKT), for test
Reynolds numbers between about 6, 000 to 53, 000. The potential of their results as model studies
for sheet-like atmospheric flows has, to the best of my knowledge, not yet been exploited. One
reason could be that the classical turbulence model fails hero (as well as in the atmosphere) to predict
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the observational profiles of Ku and KT. Furthermore, the empirical dependency of Ku/t-ratos
near the conduit center appear to disagree with independent laboratory observations reported by
Ludwieg (1956).

The literature includes also studies of the variance profiles in rectangular conduits; outstanding
are exper.4'ents by Laufer (1950), and Reichardt (1938) as reproduced in Schlichting (1968). Due to
restrictions in space, only highlights of the experimental results may be summariaed.

Ludwieg (1956) derived KTA/u quasi-directly, utilizing friclAonal heating in flow at Mach numbers
of about 0.7 at rather high Reynolds numbers ( > 300, 000). As documented In more detail in Schltohtng
(1968, Fig. 23. 2), asymptotic valuer are, for these Reynolds numbers

(4) KT! u)wall a 1. 0; and "u)center ' 3/2.
Page p4J. (1952) derived K and Ku separately, with some uncertainty in Ku near the center due

to -uVI as well its u getung small. While KT/Yu again tends to unity towards the wall, a center
! salup of 3A appears to be approached only for their tests at small Reynolds numbers, At about 0. 1
relative distance off the center, their KT/AKu decreases from about 1.4 for Re N 9, 000 to about 1. 1
for Re N 50, 000. Lue.'ieg extrapolates this to imply 1.0 for Re > 300, 000 and speaks of a puzzling
discrepancy to (4), not explainable by theory.

For the zone of vanishing mean shear, variance measurements in rectangular conduits evidence
the same departure from Isotropy as in two-dimensional free jets; for references, see Lettau (1967b).
Findings by Laufer (1950), in agreement with Reichardt (1938), may be summarized as follows,

(5) uTY'/v'v-)cente (wr N 3/2

When normalized ay center speed, Laufer's results correspond to

(6) (u)=0.027
center max

For fluid region near the wall, Lumley and Panofsky (1963) have established good agreement with
micrometeorological measurements, suggesting that

(7) (u' ) /u' a 2.4 ± 0.2; and (w'w'/-u'w') ' I = 1.3+0.1.

l4o successful normalization of the third variance, v'v, has yet been reported.

3. Blasic Theory

3. 1 Mean and D arture forms of the Basic Equations. Employing conventional notation (g gravitv,
e = l/p = specific volume, v a kinamatic viscosity, S a internal source strength of s-property,
vs w molecular diffusion coefficient) the Navier-Stokes equation, and the diffusion equation for the
scalar property, s, per unit mass of fluid, are

(B) DX4bt a 81/at + X*VY = g-au

(9) Do/Dt N &e/t + X-Vs * s + v Vs.

We sepaiate mean states from turbulent departures,

(10) . s ,

and consider the Reynolds rules (as summarized in Schlichting (196 8), pe 526), inc'luding the .ol-
lowing two (exemplified here only for s )

U 1) 41:- 7-).; and (ii): (a - - 0.

We define a time-derivative, following the mean motion, which is commutative with the Reynolds
average,

d(x)/dt a a(x)/St + " V(x); d(x)/dt) - d()/dt,

whereupon the system (8), (9) yields two average equations,

t
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(12) dj/dt - - ' -Vp - g + V V2 ,

2
(13) ds/dt = -V'Vs, + S + V V ,

and two departure equations,

(14) 'dV'/dt = QVC - X. VX_) - X, Vi + (a_-aVp)+v 'C

(15) ds'/dt a ' Vs' - Vs') - V' Vs - (S-S) +v VZs,.

These exact equations satisfy the Reynolds rules (10) and (11); namely addition of (12) and (14) repro-
duces (8), addition of (13) and (15) reproduces (9). Averaging all members once more leaves (12) and
(13) unchanged, while in (14) and (15) all terms vanish.

Since each member of the scalar equation (15) has a counterpart in the vector equation (14),.we
quote for simplicity only from (15) when introducing the following names: "coupling" terms =V 7s
(because It appears with the opposite sign in both, mean and departure equation), "gradient" (or
inertia) term a 3C. V3 , and "viscous" term (or curvature term),= vsV 2 s' (because the Laplacian is
a measure of spatial curvature of a function).

In elomentary cases of fully developed turbulence, the mean equation reduces to two terms (or
even one term) only, one of which must be the coupling term. The departure equation has still several
members so that further partitioning is feasible and shall be based on some universal characteristics
of the spectrum of turbulence.

3.2 MAcco and Micro Size Eddies of the Turbulence Specm. Assume, for brevity, that a horizontal
steady mean flow (of characteristic speed U) in a conduit (of diameter D) is maintained by a constant
external force per unit mass (acceleration A, cm sec- 2 , normally given by 7p-x). For sufficiently
large Reynolds number Re * UD/v >> Rert m 103 ) the viscous term in (12) will be negligible. The
accelerat-on (A) will essentially balance the coupling term which may reduce to a height derivative
of the Reynolds stress or (u wT) Z . In equilibrium, cross-sectional averages of work performed by
the external force (A. U, per unit mass) must bale gy dissipated (, per unit mass), by viscous
action in the departure flow, corresponding to V. (vV'7). In his classical approach, G. I. Taylor
related the dissipation rate (a) uniquely to viscosity (v) and the characteristic diameter (X, cm) of
eddies of micro-size

(l~~ 3/4 C-1/4 3/4 6-1/4
(16) X or, numerically, X a 15v

Although micro-size eddies possess significant curvature of the T-field, their contribution to the
total variance " ) will be minor. In the continuous spectrum (spectral contribution to total
variances by specified eddy wavenumber bands, as a function of eddy wavenumber) X corresponds
to the region at and beyond the high wavenumber end of the intertial subrange. Let A cm denote an
eddy size characteristic of the region near the low wavenumber end of the inertial subrange. As a
supplement to Taylor's argument, let A be independent of viscosity but uniquely determined by c
and A. Dimensional reasoning yields

a -3 -1 2-3
* (17) A-tA ; or, numerically, uN c A

The numerical factor N must be determined from flow conditions since a natural requirement Is that
A < D; a more significant criterion is:

(18) Tubulnce if i A ) k; correspondingly, "No TMrbulence" if: A< k.

t shall be demonstrated that (18) is an alternate version of the Reynolds criterion. Namely, with the
ald of (16) and (17 , the equilibrium condition t a A. U, yields for the "No Tvbulong" statement in
(10),

9/4 -3-3/4 3A-4v-1 U3A-1v-1

(19) a Av < ISN; or, sA < (15N) 4/ 3 .

Relationships between A and U depend on (low structure. For instance, for Hagen-Poissauille
flow, in a round straight duct, A/U a 32 v/D, whereupon the '"49 LNo u " statement in (18),
with the aid of (19), yields,

S(2o0) (UD/v)a < 32(15N)4/3; or, UD/v < 32 1/2(1SN)2/1  35N 2/ 3

whioh is the classical criterion and may serve to determine the N-value when flrtt Is given. For
praotical order-of-magnitude estimates, It Is convenient to take N 0 103,4 P 31. Four representative

r- --.-.--
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cases o turbulent air flows-partly corresponding to types discussed In Section 2-are summarized in
Table 2. Typically, micro eddies tend to show rather uniform size, while macro eddies vary from
3 km to 3 cm, with a correspondingly strong variation in the time-interval 6t w A/U, as well as in
"width" of the inertial subrange if measured by the ratio AA.

TABLE 2. Magnitudes of Macro and Micro Eddy Sizes (A and )) for Selected Auflows (v a 0.14
cm sec-1), Estimated on the Basis of Characteristic Speed U, and Generating Force per Unit Mass
(Acceleration A).

Atmosoharic Flows Werimental Flows
Mean Wind Itatabatic Wind b=e Condut

A, given by rpx/7p I I IuuI l; I T-PjI

A, typical cm sec-2 10-1 101 102.25 102

U, typical cm sac-1  103 102 102. 102

a A.U, cm2 sc "3 102 103 135 104

3/4 -1/4 0 10-0.25 10-0 .75 100
k 15V £ cm 10 1001

-15 2-3 5.5 1.5 1 10.5A =10 A cm 10 10 .  10 10

AA, -10 10 10 1Ak, -15.5 1175 1175 101

6t - A/U, sec 10z .5  10-0.5  10-1.5 1071.5

If Reynolds averages are time means between t and t + At, this At must be large in comparison
with D/U and even larger in comparison with 6t - A/U; see Table 2. On the other hand, 6t is
large in comparison with the time-scale of micro eddies, k/U. Hence, to filter out the contrIbutions
of micro-size eddies, we integrate (14) and (15) between t and t + 6t which produces fluctuating
quantities " and s", defined by

46t 46t
(21) (dW/dt)dt T " a (dr/dt)macrodt; f=7=0,

t t

t+6t t+6t
(22) f (do'/dt)dt * s" - f (ds'/dt)a di; 0" s' a 0.

md.dt .acrot t

In the inertial subrange the spectral densities decrease significantly with Increasing wavenumber.
Thus, the larger the ratio AA the closer will total variances and covriances u , ' ... erg )

be approximated by (u ., u. ... ,s1). This Justifies another integration of (21) between t and
t + 6t, to generate a fluctuating length,

0+6t

(23) f v dt ir ' +ly + j+z'; Z 0.
t

which Is a redefinition of th-- "eddy displacement vector" Introduced and esa 4 yed by Lettu (1964,

1966b, 1967b, 1968). Total variances and covartances v'M ... ,. x ... , 37) characterize the
trajectory structure of those eddies that am most efficiert for fluxes and total variace at fluid
properties, including momentum components.

S. 3 CoUnlia Bawmen Macro and Mic Eddies. Let subscripts denote the two broad classes of eddy
sizes

(24) dy/dt - (d!/tti)aco + (dr/dtimr,

(25) ds'/dt - (de'/dt) + (ddtcr o

This partitloning must take into account aU members oi the right-hand sides of (14) and (15). Due to
their physical nature, the gradient tems will dominate the macrostructurs, and the viscous t ars the
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microstructure. The role of the other members can remain unspecified because exact equations for

the two separated derivatives in (24) and (25) require the Introduction of two additional coupling
terms. " -y are to be determined later and shall be denoted by El (a function of and e) and fV
(a function " a - so and , where - is a reference value or boundary constant of s-property).
with 0, defining equations ire

(26) (dr/dt) =

(27) (d3V,/dt)micr + Y. V t' + (V C - 3V'. W) + ('p - Vp),

(27) dW/dtmicro -

(28) (ds'/dt) + f, - 3C . V;,

(29) (ds'/dt) s1 Vs -281 -)micro -f' + vVs' 'Vs'- Vs')-(S-S).

As must be true for genuine coupling F.1 and f' appear with the opposite sign in pairs of equations
so that (26) added to (27) reproduces exactly (14) via (24), while (28) plus (29) reproduces (15) via
(25).

Would there be no coupling between eddy sizes, then F' z f' O, whereupon the integrations
prescribed by (21) to (23) would yield in (26) and (28)t

(30) '.- a.- i Vs, or, s' a -z's (if Vs . ),

(31) V r. 1"- Vi ; or, u' a - z'u (if u p 0, only).
z z

The specialized cases above refer to perfectly realistic flow (one-dimensional with unidirectional
mean gradient and shear). It can be concluded that (30) and (31) are the basis of "classical" theory,
or Prandtl's mixing length. But the oversimplified nature of (30) and (31) is evident, too, because,
for 0 a O, (31) yields w' a 0, so that there could be neither vertical eddy flux nor Reynolds
stress, contrary to fact. See Lettau (1964).

Forms like Vs in (30) and (31) result from the gradient or inertia terms in (14) and (15);
they indicate "conservation" of an initial value of fluid property along the trajectory of an individual

* eddy. It Is logical to assume that the coupling terms indicate "adaption" since they oppose the
gradient terms In (26) and (28). "Adaption" implies entrainment of environmental fluid (along the

* trajectory of an individual eddy) brought about by microstructure and viscous action, as evidenced
by thli fact that the coupling terms are also part of the micro structures (27) and (29).

The problem remains to specify the coui.ing functions F' and f' explicitly. Previous inductive
reaso tngs In Lettau (1964, 1966b, 1967b) may be summarized and rationalized by due consideration
of (21 to (Z)and postulating that

(32) r -: V" + , . ((s,-,--)T) a (a,-,''). ,

(33) ' - -r".' +v .l") +Vx[jx vJ
.+., •1 +, T1 xJV i]+ j X I Vx r,,+ (V. v11) - vI,(V.

Transformations in (32) and (33) correspond to universal identities of vector-calc us. While

. a V- a 0 in nearly all turbulent flows, It must be concluded that V. J" > 0 because this is
a prereqisite for f' < 0 In (32). This fact reconfirms the dual role of V as the measure of adaption
(by l'varging" macro eddy motion V"), but expressing also viscous coupling between macro and
micro structures. Similar reasonings, although naturally more involved due to vector relations, hold
trua for explaining the roleof F'.

With the aid of (32) and (33) we rewrite (26) and (28) as follows,

(34) (C/d ), a ""') Vi + "x [Vx +j x X V '] + ( . f'),
(33) macro: (35) K e/dt)mar * - "Vs + (s - s)V °V".

To calculate total variances and covariances after integration (23) Is performed, let us assume that
3r, IV 1C as well an S" 0 a' which will be tolerable if turbulence spectra have a sufficiently large
t"to AA; see Section 3.2. Then, after Introfcing (34) and (35) into (21) to (23),

Won______
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(36) x x :'x:x + x V x r + ( .r,),

(37) a, ~ - s + (a-s 0 )(V..')

The system (36) and (37) can be considered the endphase of stepwise developments starting In 1964.
Forms corresponding to (36) and (37) appeared first in Lettau (1966b, 1967b) with some departure in
sign. This difference, however, had no conisequence for the previous discussin.

The import'nt feature of the new model Is that fluctuating values of all four Important scalars
(u', v1, wt, a' or T') are completely determined even for the simplest special type of mean flow (mI-directional with one-dimensional gradients), including levels of vanishing mean shear or i-.grdiont.

This establishes the significant improvement in comparison with the 'classical" model which relates
fluctuating values exclusively to mean gradients.

4. Applications of the New Model

4.1 General Features of Turbulent Lenathcales. The components of the edd displacement vector
(23) serve to define longitudinal lengthscales (or, variances X _ x ' r,  ..
as weU as lateral length scales (or covariances, 11 P -2 , Al, 70- , I, .s). Aocording to
Lettau (1966b, 1967b) free turbulence satisfies perfect isotropy requirements (X a Y a Z, and zero for
all covariances). The number YXc has been related to the downwind spreading of the jet, and repre-
sents a universal characteristic named the Reichardt constant. In wall turbulence-as defined by
Hinze (1959)-at least one of the covariances Is significant and a first universal characteristic Is
the Karman constant, k, for which a new covariance definition was found,

(38) 2  im [(-u'w') (u?/uf j N Jim W ZZ . ;
Z-0 

z-O

see for more detail Lettau (1966b, 1967b, 1968).

Variances of space derivatives of eddy displacement components define another number (ic) be-
cause for all types of turbulence,

(39) (V' ' n3w ; (" Vxr')' (4. VXV' ( 7r a Vx )_ Z g

Note that the average mixed product in (38) does not appear among the mixed products which vanish
under averaged according to (39). It can be anticipated that the ratio 3/ which appears In (5) of
Section 2 fLids its explanation by the two numeri(al factors in (39). This corresponds to the explana-
tiOc of the same ratio for velocity variances in the core region of a free let (in other words, anisotropy
of velocity compncnts, In spite of Isotropy of eddy displacement ccmponents). See Lettou (196?b).

4.2 T! naeIne-dImenonal Shearlow. For the simple case of U ., 01 a 0, and
V X Vr j, equation (36) yields

(40) +' ~jzu (X +y +s')1J+ j (X - y, +t[Xiu (X~ I 's,
S X y 2 Y x

All three components (u', v', w') ate determined and remain specitiod even though Oz may go to zero.
It can be seen readily thst In view at (39) and (40), the empirical result (S) Is confirmed, while (6)
offers the basis for the numerical evaluation of w a 0. 027iVT a 0. 016; Letteu (1%8) propose to
name ic the "Laufer constant"; Its significance for the center region Is comparable with that of the
Kanman constant for che wall reglon.

Near the wall, the mean shear is large, ard (40) yields, after calculation of variances and co-
variances and neglecting of tiemr.s w hlch do riot contain ,

(41) (u'u' /-U'W)') (z'z /x' ') - / !,I
(42 {'w'-u'w' )1 ' (xx / x~z,} /  -:k

The last steps in the above d.xelopments are pcstuJati.s; ;he results agree with Lumley and Penoisky's
findings (7) since a 0. 428-velue fee th-. Karman constant curresponds to IA . 341 and (l-k)A a 1. 34.
Equation (40) also shows thaM doda ot dend or a& and th%:8 cannot be normalized with the aidof -uw- 

,  in marked cotrast to =j ead 7 %,-' .:

I

_ _ _ -- - -'-.
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4.3 Eddy Dffusivities in One-Dimensional Shearf low With T instead of s, and VT = _ it fol-
lows from (37) for mean flow as defined in Section 4.2, after forming covariances _w and"TL",
that

(43)K . 1' + (X!z' - z'x')u() u  z z

(44) KT a Ku + z -x'[u - I'°U/z

It is evident from (44) that possible differences between eddy dlffusivities can ha, e two distinct

causess (J) differences in boundary conditions which may produce dissimilar mean states, or
az/Z )t Tz/nMo, and (i) structue ! eddy displacement covariances. Specifically, this statement

refers to the difference i the two terms which constitute the s-derivatve of the lateral lengthscale 1,
(45) 1 a  7';hne z I + z I .

At the center of the conduit or when uz = 0, It follows that both diffusivities are finit and dependent
only on eddy displacement structure

(46) (K ) (X U xz, - z IX)u center max z z center

(47 (T) U (X'z') ;Kif(X z' 3 z XI)() %)center max z center 2 u center z z center

The rate at which KT/A u departs from 3/2 (with increasing distance from the center) depends on the
mean flow conditions. Indications are that the new model can explain the observational results (4);
and, in view of different boundary conditions also the discrepancies between Ludwieg's and Page's
results discussed in Section 2. Z; but clarification of detail must be left to future work.

It is significant that in flow where the only nonzero mean derivatives are Clz and Tz, the co-
varinces vw v,-u', and vF equal zero when calculated with the aid of (36) and (37). The ex-
ception is the covariance uT" which depends on the longitudinal scale Z and other characteristics
of eddy displacement statistics.

4.4 CetMuteradient Fluxes. and Eddy Stress in Vanishing Mean Shear. For the application of the new
model to atmospheric flows, it is Important to consider two-dimensional horizontal mean motion (for
horizontally uniform mean states) and bi-directional mean shear. When

(a.U0;V; V.-.1; 9 +Ja and ot 1

(36) and (37) yield,

U, -,, +( -') +;(X, + y +X'),

V, a~ -;(y, X -)+ (X, +9 ', s
(48) a x y E y a

w x'. +9 + ;(X. - (z -9),
a z

5+ 6(X + Y,.. +,a X Y

The vectical eddy flux of s-property, even for va v5 u 0 and zero values for all coveriances of
eddy displacement components If they involve derivatives with respect to x or y, can easily be
countergredient; namely, It 9 a 0,

(49) 7- a -ts u a + (S-44), ('Xw u + , u).
as a a z

In regions where u- is small (49) shows that w's' will be independent of a and dominated by
And the covairlance :-k. Possibly such relationships, together with "itcts ot wind veerings

can explain observational facts discussed as in Section 2. 1 (see Table 1), in connection with low-
level W,& and tlirmo-tidel winds. Extreme rote of directional sheariam observed in the lowvest 32m

above antaotic snow fields) is compatible with (48) and the condition of u a 0 while ' X' 0
and 0. DetaIl muste l;ft for future discussion.

! fino ,,, we turn to the largest circulation discussed in Section 2-namely the glo .1 jet stream at

ahe sudb- ,opopeuee. Obenrational facts summrized n (1) yield, in combination with (36) and (37),

-owns
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III _ y'+(x + y' +z)u
x y z

V
1 = x'~-y' - x')u

(50) vI a
=l (x'1 -z');

T1= -y' + (T -T0 )(x' + y' +z')
y x y z

Note again that the new model produces explicitly all four fluctuating quantities, in spite of IOally
vanishing mean shear. Variances and covariances can readily be computed, but ndependent informa-
tion on eddy displacement structure in this flow regime is needed. Such information is provided by
the meandering trajectories of the "GHOST" (Global Horizontal Sounding Technique) balloon (see
Bulletin of the American Meteorological Society, Vol. 49,_page 1182, December 1968). A pronounced
lack of Isotropy is evident in the following estimates: xx = 7y-y 1 016. =7u.-1015.5, and

= 1010, all in cm'; furtherm- re, x-x 10-0.5 , but - • 10". Along the jet
axis, all covariances with derivatives as factors are assumed to be zero.

The above structure values, when combined in variances and covarlances focmed from (50) with
the observational facts listed in (2), agree by order-of-magnitude with the direct data evaluations
listed under (3). Notably, the mean meridional-lateral stress -- 7 is explained as-'-y()) a
1015. 5 X 10-10 = 105. 5 cmZ/sec', the same as the directly evaluated magnitude quoted in (3). Where
the classical turbulence model failed, the new model, due to its more realistic consideration of eddy
displacement structure, has yielded acceptable results.
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Summary

The fluctuations of temperature and of the horizental and vertical component

of wind have been measured by platinum wire and hot wire anemometer at 3.5 m

height above the water. From this, the vertical fluxes of heat and momentum
are calculated as well as spectra and cospectra. The vertical heat flux can

be shown to be nearly proportional to the product of mean wind speed snd
temper uredifference air-sea with a transport coefficient near 1 c 10- 3 and
an ur.cert-inity of 5 moal/2 mmn.
The parametrization of the vertical flux of momentum is usually done with

aid of a drag coefficient. For mean ec ditions a value of 1.2 x 10- 3 is
appropriate. The dependance of the drag coefficient on the stability of

denity stra-ification is shown. Additionally, the dependence of spectra
and coepeotra on the stability is dizonstrated.

Capitions of figures

Fig. 1. Drag coefficients versus wind speed. Reference height is 10 a.
Results of our direct measurements at the fixed mast (o * ) and

the buoy ( T Y under- etaLle ( full symbols ) and ur table ( open
symbols ) conditions. Direct measurements of Veiler and Burling
( x-wires ) and of Sith ( thrust - anemometer ) are shown by broken

lines. Drag coefficients calculated by Brooks from profiles under

strictly neutral conditions are shown by full line.

Fig. 2. Drag coefficients versus stability. Lv is Monin-Obukhov-length,

including Influence of humidity stratification.

Fig. 3. Cospectra of the vertical and horizontal downwind velrcity component,

normalized with 12, for different stabilities.

Fig. 4. Spectra of the horizontal downwind (u) and vertical (w) wind velocity

components, normalized with U 2, for different stabilities.

Fig. 5. Heat flux from direct measurements versus Uoa. Pull line is

reiresion of H on VAO, broken line is regression of 56O on H.



Determination of vertical transports of momentum

and heat and related spectra of atmospheric

turbulence in the maritime boundary layer

L. Hasese

Meteorologisches Institut der Uuiversittt Hamburg

n. Dunokel and D. Schriever

Institt fIUr Radioeteorologie und Maritime Meteorologie

an der UniversitIt Hamburg

Direct determination of the vertical fluxes of momentum and heat is possible

by the eddy correlation technique. For this purpose, the fluctuations of

temperature, of horizontal wind speed and of inclination of the wind against

the horizontal were measured at sea together with determinations of waves and

subsidiary data. Measurements have been done with platinum wires of 15

diameter and about 20 rm length, operated as hot wires in constant current mode.

The sensors were exposed in the undisturbed air flow at a buoy 3oo a windward

of a research ship. The necessary upright positioning of the sensors at the

buoy in the moving sea surface was maintained by a servostabilisation with

reference to a gyro..This system has been used at the Baltic, he North Sea

and the Atlantic.

Additionally, in the Baltic a fixed mast was available which stood in waters

of 14 m depth. Sensor height in both cases was typically 3,5 m above the water.

The site of most of the measurements reported herein was in the Kieler Bucht

with a fetch of at least 16 km. Records of 2o or 4o minutes length were used.

A greater number of sensors was applied in order to minimize effects of change

of calibration due to contamination and aging. For example, the 24 measurements

which underly FPi. 1 and 2 are from six days using lo different sensors.

A continous check on calibration of the velocity components is possible by aid

of fast response cup anemometer and the assumption that the vertical velocity

is zero in the mean over a period c: say lo minutes.

The vertical fluxes of momentum (T) and heat (H) are calculated from the

fluctatic .s of horizontal downwind component (u') and vertical component (w')

of wind and of temperature (T') by

SZ -p uw (1)

H = c. p T (2)

where the overbar denotes averaging over the period of the record, p density of

the air, cP specific heat. As it is well known that in the itmospheric boundary

layer the stress (T) increases approximately as the square of the mean wind

speed it is customary to define a drag coefficient (KX) by

T: p U (3)

the subscript lo indicating reference to windepeed measured at 10 m height.
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Fig. 1 shows drag coefficients versus mean wind speed. Results of our direct

measurementeare shown with different symbols ( open symbols denote unstable,

full - stable conditions, circles - measurements at the fixed mast, triangles -

at the buoy). Results of other direct measurements over water ( smith 1967,

Weiler and Barling 1967 ) are indicated by broken lines. The full line

represents drag coefficients computtd from wind profiles obtained by Brooks

( personal oomunication ) in the North Sea and Baltic with aid of a buoy

(Brooks 1959 ). Only profile under conditions of strictly neutral density

stratification ( as determined from simultaneously measured profile of

temperature and humidity ) have been considered.

From Fig. 1 it is evident that the results of our direct determinations

scatter somewhat. This scatter is in part caused by experimental errors and

the natural variation of the stress. Yet it is suggested that at least a part

of the scatter is due to the variation of the stability of density stratification.

This is borne out by Fig. 2, where the same drag coefficients are shown versus

stability as given by z/L v . The Monin-Obukhov length Lv was calculated from

simultaneous direct determinations of heat and momentum flux, corrected for

the effect of humidity stratification. For three observations ( shown in

brackets ) the Monin-Obukhov length had to be estimated from indirect

determinations of the heat flux using relation (5). Fig. 2 shows that within

the obvious scatter 1) there is a marked tendency for greater drag coefficients

under unstable and smaller drag coefficients under stable conditions. Without

going into details it may be mentioned here that the same result would be

obtained if an increase of the drag coefficient with wind speed - e.g. as has

been obtained by Brooks from profile measurements - was taken into account.

The increase of the drag with increasing instability i, mainly due to an

increase of spectral energy at low frequencies. To demonstrate this, six

observations were selected to represent different conditions of stability

see Tab. 1 ). Selection has been made to obtain a broad variation in stability

without prior knowledge of the spectra and care has beca taken to have indepedent

observations. As usual, the spectra are shown with frequency (f) as abazissa and

frequency times spectral energy ( ,,. , $ 1 ) as ordinate so that the area

under the curve is proportional to the spectral energy in the considered

frequency range. The spectral energies haAu ibon normalized by division with

the square of the mean wind speed. The noim.IId cospeotr.)m of the horizontal

and vertical velocity component may be thought of as spectial decomposition

of the drag coefficient.

1) There are three observations from one day under unstable conditions

with somewhat small values of X . As two of them have been made simultaneously

on the buoy and the fixed mast with two independent instruments of the same

type, it is thought that they may not be due to experimental errors but

rather represent som unusual conditions.
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Tab. 1 Parameter of the epectra used.

run year site V AT a/Lv  density

u/s C stratifioation

12/11 - 65 buoy B 2.66 + 1.8 + .53 )
i/ 9 - 65 mast B 5.59 + 1.2 + .10 strongly stable

12/16 - 65 mast B 7.32 + 1.4 + .03
7/ 3 - 68 buoy N 6.05 + 1.1 + .o6 moderate stable

25/ 8 - 67 mast B 7.94 - 2.4 - .03
II/ 2 - 68 buoy N 9.29 - 2.7 - .05 moderate unstable

1) no temperature fluctuations, heat flux estimated from UhO

B Baltic N North Sea

The marked increase of low frequency oospeotral energ with increasing

instability ( Fig. 3 ) may be explained as follows. With increasing Instability

vertical movements increase in general without appreciable chan p of the shape

of the w spectrum ( Fig. 4 ). A stronger increase of the spectral energ of
the vertical component at low frequencies seems to be inhibited by the presence

of the boundary. As the spectral correlation coeffioien't

RUW (4)

is increasing from about .2 at higher frequencies to about .6 at lower

frequencies, a uniform increase in spectral energ of the w component adds
most at the low frequency part of the u,w eosjectrum and the peak shifts to

lower frequencies. This argument is valid even if the low frequency energy
of the u component would not increase. The change in shape of the u,w oospectruma

with changing stability therefore seems to be a significant feature near the

surface.

From the w spectra of Fig. 4 we may draw another conclusion. On several

occasions at international meetings the direct measurements of stress have
been questioned with the argument that the necessary exact vertical positioning
of the sensors is not achieable under field conditions. Every inclination of

the sensor will give a marked deviation of w from serc especially at the very
low frequencies. We therefore assume that w equals zero in the mean over the
length of a record. This is justified from the observed w spectra as the
spectral energy is practically zero at .ol Ex. It may be mentioned that the
high pass fiiter which is imposed I w 0 for a record length of 20 minutes

has a out off frequency of .8 x 10-" -l and therefore cannot be responsible

for the drop of the w component.

There is evidence from the spectra that the depedence of the drag coefficient
on stability is real though the experimental material which we can present today
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in still small. This is of some bearing as the parametrimation of the vertical

fluxes becomes more and more urgent for the numerical experiments of the

circulation of the atmosphere and for weather prediction. It will be possible

to calculate the momentum flux by aid of formula (3) using the mean wind speed

at 10 m and - at least for windepeeds up to 12 m/@ - a constant drag ocefficient I

of 1.2 x 10- 3 with an accuracy of 20 or 25 %. If we take stability into
consideration, an accuracy of 15 % should be achievable.

From our direct measurements the vertical flux of sensible heat may be

calculated too. In Pig. 5 the heat flux (H) is given versus 610 69, where

is the mean difference between the potential temperature of the air ( at 4 m

height ) and the water surface. The figure shows that the heat flux may be

fairly well etimated from

H * "%pcuoAe (5)

with C'--1 x 10"1 and an unoertainity of H of 5 moal/o2mn, Prom the

theoretical point of view it would be desirable to have the coefficient a

given as a function of the mean wind speed and some measure of stability, but

perhaps this is not even necessary for practical purposes.
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H __ _ __ _ __ __oo__ __ _ __ _ _

40

30-20. \o"

io ]

-10.

-20.

-30
-25 -20 - S -10 -5 0 5 10 15

a GtQM t,. u .AB [c.]
kj) i7 GeroJst 1167. I. m

8 Rags t u C Schriev e S?. r i m

• i8 Hasse Dunokil Schriersr Pigse

t *

1- ... . .. . . r i i - i.. .



8-7

Acknowledgement

The research reported herein was sponsored by the Deutsche Forsohungogeein-
schaft and the Fraunhofer - Gesellachaft. Thanks are due to Prof. K. Brooks

for his support of this work. The figures 1, 2 and 5 have been taken from
Hamburger Geophysikalische Einzelschriften 11. Figures 3 and 4 are based
on material presented at the IUGG/URSI Colloquium on Spectra of Meteorological
Variables, Stockholm, 9. - 19. June 1969.

Reference s

Brooks, K. 1959 : Ein neuQ.s Ger~t fir stdrungsfreie meteorologioche Meseungen

auf dem Meei Archiv Met. Geoph. Biokl. A 11 227-239.

Brooks, K. und L. Hasse, 1969 : Eine neigungsstabilisierte Boje zur Mesmung

der turbulenten VertikalflUsse Uber dem eer. Archiv Met. Geoph.
Biokl. A 18 ( in press )

Busch, N.E. and H.A. Panofsky, 1968 : Recent spectra of atmospheric turbulence.

Qu.J.R.Met.Soc. 94 132-148

Hasse, L., K. Brooks, M. Dunckel and U. Grner, 1966 : Eddy flux measurements

at sea. Beitr. Phys.Atmos. 39 254-257

Hasse, L., 1968 : Zur Bestimmung der vertikalen Transports von Impuls und

f~nlbarer Tdrme Uber See. Hamburger Geophys. Einzslsohr. 11 70 p.

Panofsky, H.A. and E. Mares, 1968 : Recent measurements of cospectra for
heat flux and stress. Qu.J.R.Met.Soc. 94 581-585

Saith, S.D., 1967 : Thrust-anemometer measurements of windvelooity spectra
and of Reynolds stress over a costal inlet. J. Marine Res. ?1 239-

262

Weiler, H.S. and R.W. Burling, 1967 : Direct measurements of stress and

spectra of turbulence in the boundary layer over the sea.
J. Atmoe.Sci. 24 653-664.

I
II 4

.I



9

MEAN WIND-PROFILE AND TURBULENCE CONSIDERATION OF A SIMPLE MODEL

Rainer Roth

Mateoreloulschea Inaitut der Uivrsitlt Ofbcban

This PW*r to bessd 0m rtadles dMr bY thn rAthor 31*1w a O-W "We VIsit to *T23-0vion of lWotorolagiea ftis"ics



Summary

A model is described, by which the mean vertical wind-pr-fil and turbu-
lence spectra at different heights are oaloulated for a turbulent boundary
layer without thermal stratification. The model makes use of Heisenberg's
formula for the transfer of turbulent energy and is based on the asjumption
of a constan% shearing stress in that boundary layer. As a result a loga-
rithmio wind profile follows with 0.39 an the valve of von [arman's con-
stant, which is - in this model - strongly related to the inertial sub-
range of the turbulent energy spectra and therefore to the Kolmooroff
constant.

II
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Mean Wind-Profile and Turbulence Considerations of a

Simplq Model. )

Rainer Roth

Meteorologisohes Institut der Unrversitlt MUnohen

Building a model means to oono+ruot a set of eqtations showing a similar
behaviour an a special physical experiment. But even a model construoted to
describe a rather complicated physical problem mst solve simpler problems of
the same kind. Therefore only the very simple problem of a turbulent boundary

er with horisontal homogenity and no thermal stratification near a rough
1 in discussed in this paper.

If there is a gradient of the mean windspee. - here 6%2 4 0 assumed - it
in known from hydrodynmaio that the dissipation of energy per unit of time and
mse F, is given by

or

where is the *hearing stress, g the density and k the eddy diffusiVitt.
Prom Equ. 1 and 2 follows imediatly

If the assumption is made that there is no divergence of the vertical flux of
turbulent energy and no adveotion of turbulent energy in the mase under con-
sideration than the amount of energy E is transfered from the kinetic energy
of the mean flow into kinetic er-rgy of turbulence and fzom there into heat.

It is known that turbulence cascades the energy from saller to larger wave-
numbers and later at higher wavenumbere the dissipation into heat tAkes place.
This hane over of energy between different wevenumbe.s is one of *Je main
problems of turbulence thenry and this problem is unsolved up to now. Among
empirical formula* di.moribin his casoading of turbulent energy is that on'
given 1948 by W. HeiLenberg which will be used here furtheron in the oru

where Pt4 is the sjeotral density of turbulent energy per unit of Ma, W, the
wavenumber in rad/leogth, and C Is a numerical constant, which will be discussed
later. V; is %he kinematic viscosity.

The solution of Iqu. 4 for a given ratio of dissipation E is 1,i

*) This paper Is based on studies done b the author during a one yeare visit
to "CSiRO-Division of Veteorological Piyeoe, Aependale, Australia*.
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and if

the solution redue* to

q f ,b

and for

the approximation is

Both approximations, Equ. 6 and 7, irtarseot at

I- may be noticed that if Kolmogoroff - 5/3 law for the inertial subrangei; given by

than4( and C are related by

0(to)

Now assumptions have to be made to apply these formulas to the problem of a
turbulent boundary layer. At last those eddies with axis parallel to the
surface of the wall are strongly influenced by the presence of the vurfaoe and
it seers to be reasonable to consider the wavenumber

- O rj .- -I N")

as a limiting wavenumber for those eddies. Besides this the value of .

goes fairly well with that 7avenumber where the maximum occurs in measured
energy spectra cf the vertical component of the windepeed. For simplicity in
the model is assumed

hnd

given by Equ. 4 for V- > R

Tn addition the assumption of isotropy is made for

iI



The azin problem now is that in the second right hand term in Equ. 4 the
integral is running from zero. This integral represents the square of the
vorticity in that wavenumber interval given by the boundaries of the integral,
and because there is in the here described model no vortioity of turbulent
motion@ in the interval 0!& v, the only vorticity which remains iu that

interval in that one of the mean wind-profi'3. This changes Rqu, 4 in

f 4--f 2

-1 -. 
,

where a factor of has to be introduced because only 1/3 of FW - that is
the vertical component of the turbulent motions-interacts with the mea wind-
profile. Then the integral

rspresento the energy which is per unit of time and mass transfered from the
mean flow into turbulence and by comparison with Equ. 2 follows

With the assump-Gicns

1A A
and

where A* is constant with heigh but unknown it is posible to calculate the
mean wind-profile between a and a.,x by an iteration prozsses. This iteration

Ss'arts with randomly choosen spectra '1iLc for each height and makes use of the
general form of the windprofil

which .s equivalent to Equ. 3.

In a short form this iteration may be described as follows:

calculate for all heights

2 calculate tA by

(integrated form of Equ. 17.)
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3 calculate

4 calculate for all heights and wavenumbers &) by use of Bqu. 12.

5 Go to 1

This iteration converges against a logarithbic wind-profile and reoasonable
spectra.

Dues to the simplicity of that model one main result follows analytically if
Nqu. 13 is integrated by using Equ, 6 instead of Equ. 5. This gives an error
in W) of the order of 9 and the result is

Cks)

Together with aqu. 2, Zqu. 17 and Rq-. 10

and

follows, where is used for abbreviation instead of the numerical term, which
should go with von Karman's constant.

A% T.H. Ellison f2, gives aa the best value for o

the consequence is

Purtheron this value of o( is related with a value for C very close to

and as it is possible to give a simple model going with Heisenberg's formula
which leads to the same value forC, it may be mentioned that the value of Ik
than is

AU

To discuss the main result, the relation between von Karmean's constant and
Kolmogoroff's ionstnt, it is reasonable to look for another hint wetioer it is
possible that von Karmen's constant depends on the inertial subrange. For
simplicity 4 is used as the value of C and the spectrum is thought to consist
of the -5/3 and -7 part only.
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In the discussed model the condition for the existence of a -5/3 part of the
ptctrus at a height Z is

and by using Equ. 2, Equ. 19, and Equ. 20 this may be written as

The left hand term in Equ. 22 is a well-nown quantity for the discussion of
windtunnel 1asurements. Here measurementsof I. Nikuradse are refered as
quoted in j/, who found as condition for full develloped rough flow

where c is the so called sandgrainroughnee and for those measurements A was
related to ;%0 by

and therefore Iqu. 23 may be interpreted as

This shows that even at the height of a there must be a -5/3 part of the
spectrum as condition for full develloped rough flow.

If V is smaller than 2.5, there is no full develloped rough flow and then
von Karman'a constant does not appear in the form±,Lation of the wind-profile
close to the wall.

The main purpose this model was built for was to investigate more complex
problems but first of all it must describe simple problems as well and this
was shown in this paper.
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Summary

In a twedimensional, ausigeostrophic twolayer-model short-wave
perturbations are superiaposed to a long-wave, stationary basic
state. The shear of the basic flow is depending on x. On the western
side and in the centre of the longwave trough and on the eastern side
of the ridge strong developments are taking place. The western side
of the ridge is a sone of damping. The influenoo of meridional and
sonal vortioity-advation, temperature-adveotion and vertical Yeloc-
ity on the tendency of the short-wave perturbations are being examined.
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On the Development of Cyclones in a Stationary Long-Wave Basis State

J. Egger

Institut fUr tkeeretisohe Meteerolegie
Universitit Milnoken

1. Intredueti-n

In the upper air charts for the middle latitudes there is usually a long-wave
field, in which short waves are spreadig. The long waves azs meetly stationary,

whereas the short ones move quickly. By traneversing the fields, the short waves
are liable to experience considerable changes of their amplitudes [2].

The behaviour and the stability of short-wave disturlanoes in a stationary bare-
clinic zonal flew have often been examined (e.g. (i). In this case the shear of
the zonal flow is not depending on x. It does not make any difference 2or the
developAe.t of the dieturbanoes at which x-coordinate they are. Emanating, how-
ever, from a long-wave bas.ic flow, as recommended by the synoptic findings, the
ihear depends on x. Cold troughs and warm ridges follow in succession. For the
development of a, may, low-pressure disturbance it will then be of importance
whether it is in front of a long-wave ridge or in its rear. To examine this in-
fluence of the stationary long-wave basic flow on the disturbances is the aim
of the subject i veti atien.

2. Equations

mhe thereeynamic equation

XV (211)

and the vortioity equation

had been applied as initial equations - both quasigeostrophio approximated-
whereby tp ir the streamfunctin, ' %the vector of the geostrophic wind, f the
Coriolis-paraneter, /3 the Roeby-parameter, e for the hydrostatic stability
and w the vertical velocity in the p-system. ) is constant.
Vertical boundary oondition: w - 0 for p - 0 ab and for p - 1000 ab.
The atmosphere is divided - in the known manner - into two layers. The indisee
i a 1, 2, 3 are detailed to the three p-surfaces for p a 250 500 and 750 mP,
respectively. Equatien(2j1) is a;plied for surface (2) (2:25 Zor the surfaces

u(1) nd (M). Thereby ±"./DP replaces the quantityp in (212), taking into con-
sideration the boundary oonditiono - 0 (1p - 500 mb). Thus, it results in

(~t ~ -c~/.~P (215)

thereby . is replaced by(%, +%~J/i . . For this system of equations, a long-
wave stalonary basic state V, has now to be found, to which short-wave pertur-
bations art to be superimposed.
The equations for this stationary basic state read then as followa:

- ~ 4 -(216)

WJ;:~ ~(217)

The " on the right side of (216) counts for i - 1, the "- for i a 3. Ravin,
found a solution for (2;6)-(2;7), one then superimposes a perturbation t
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to the basic state, i.e.

Applying this assumption to (2;3)-(2;5) you reoeive for the perturbatiom the
system of equations

(** ID F3)vt~.9 e3 *4~~ 1r - da4c 4 (2110)

This system of nonlinear equations for *Am and in to be selved. At jhe time
t a 0 a daturbanoo *j* is assumed,;F, being known. The behaviour of 4'4 during
the oeurseof time in to be computed. An solving of (2;9) - (2110) is the reb.L.
of using numerieal methods, rpplying of linearising can be refrained from.

3. Eaic State

The equations (26) - (27) are to be so ed. As the basic state is to have the
shape of a wave, the assumption is obvious

I a I, 3; U A constant, k u 27r/Li y0.. L is the wave-length of the basic
state. You i iet (3 ;) in (26) - (2,7), eliminate U,.and receive

g (k2-- F(R+ 43t))

______________(302)

with P f2  Dpiand A - A /A. nowing the quotient AuA/A U Ord Uj can
be determined Table 1 showl fRr several values of A and fol L. 10' km 1he
corresponding U1 and U . Hereby, the same as in the following, the datas are
appliedt 0.028 n2b 2 eoo 2 1 f a 10 4 se 1  16.2 a-1 ss 1 .

A g Isoe'a U aoe 1
• 1! 41 41

2 49 22

3 50 14

Table 'I. and U fjr various ealues of the quotient A A/ .
If you ahooee A*>I ,ed 0O<A < U10 A < U; ( cI an be ionlidered as the etr-4ax-

function of a significant be6io tat;. canal opone-t of the geostrophic
wind is always positive ar decreases when pressure increases. Prom Fig.1 it is
evident that between longwave trough and ridge the meridio'iil component of the
goostropbio wind is directed to the North and that ther asoending movement of
air Is predominating (0< 0). Just the opposite exist@, namely North wind and
descending oveent of air, between the ridge and trough. In the trough the *hear
Is stronger and the air colder than in the ridge.

4. Solution of the equations for the perturbation

Otwting with an assumed perturbation'0 e at the tim. t - 0 th* uietem (219) -
(2110) is to be solved as a initial value problem. The quarxities of the basic
state are being determined as per Cap.3.

One now assumejn that the disturbance yi as well as +, is a linear function of y,
t t , ,." a y Ifz , whereby O depends only from x and t.
Substituting thie assumption to k219) - (2110), this shows that the problem is

now twodiaensno-al. Only the superimposing of waves in a xip-plane has to be
eoatined.I1Jlmztton of uij and using (311) transforms (219)-(2;10) Into



1 0-3

50
40-

30

20

-t-10 671

32 -- 3a CIO kmi

-50 P'500mb Z.J 2 >01 CJ? < 0 W? > 0

-70-

30

-10-

F.. ,i (aso-I) corresponding to (301) in both of the pr~osse surfaswitb p 250 mboPnd p 750mb. U, - 50, U, 14, Al 1 5,A3 '5muses ;L a olI y210 km.

i (L2.- 4F (f,- 1?) R~44 .kW)Atlt~k~4~s C"bt a*r s

(411)

The x-derivations are replaced by the simplest differ So:-quotients. This treasforts40) to K system of linear equations for the 21 quantitieso O,.-.

(~b~%.a-. 1,.-~± c't- -k,, (412)
I. 1,; n -1,2, number of gridpolnts in the z-direatioal WE.4 4 ,e-v, demcribe;.4t*~ h gridpoiit (n,i). The quantities IB.,Qiz(4;2) result from the right'bldee of (411) bt tPlying h ifrneoeaoslLr the poipt of time -A = one assumes a suitabl * it~ L periodic distarbance

i. QA 0'& $'"4 *j - and determines the corresponding its .Nemust result from (4;2).
Certain difficulties &rie, however, by the boundary condition in the 2-4ireotioMThe solution is to be periodic with the intervalL.fhrooi% one has to &an"

- (413)
A% such prescriptions the de0termat of the system (412) is 0. This arises fromtaking into account of (413) the solution of (412) is determined exoept for one6onstant only.
In nrder to define unique the solution, the additional condition

tUA~~ ( ,3-- .) = 0 (414)
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will be introduced r5. One now omits in (412) an equation, perhaps the one for

1 - 3p n - 1 ad reopis "es with (414). It "a then easily be shown tha~t the
solut on of the hOw y developed oyotea

*w34

is uniquo under oonsideration of (43) and solve* (412) at all points (13. C%
can now be obtained from (415) by inversion of Ike astriz.

POP oouting of 0 at the next point of tine r for t n 0 is being rsplaood
by a forward, otherwise by a centered difforeuoilquotient. The tize-step amounted
to one hour. Por the first three steps the values 1/8 h, 1/4 h, 1/2 h had boon
chosen,
The right-band side of (415) can be split into three parts, case i a 3, n a N of

course exoluded,

(4j6)

Thereby Rekv, be the part determined by the sonsl vortioity-adveotion, RBNj% 4o-
rive* from the meridional vertiolty-advection, and RSTz. from the thermodynsmic
oquation, thus from the tesperature-adveotion. Therefore:

U- t S L i+,. - 'A '~FCos kr (417)

jLtj-* 4 (c R C , k> A.) 4 ~Iq ,~L~ (408)

lo ea sena of clearness the right-hald side ave been written in a non-disaret-
ised form.
As (4;5) is linsear in1 the contribution aded to the solution by sash sulmnd
ef (416) can be doetmined acorodingly the solution is scomposed by three parts.

tAreby 4 oolveo the equations

KAiloifta-.le.,aad ,rt ... 8uoah spltting osa be oarried out at various poin~e of
tlime. It gives an idea of ti.e oordinutien ef theo varieiq adveotion8 and .! thePreeamos of the development or the oyblonos.

5. lecalts

The• preoe of devolopment of a oonotollntion is to be dioouseod cljyer, 1.o.4
fea • eilOLovith t~o dta 1 9, A -3, Ut  50, U - 4se 10-, L- 10 )D,
to - 20 ad fr a disturbance

with 8 a 5 .2.oe "  for t - 0. 8 does net depend on p. thu: the dtutrbanceo initially
coresp4nds to a naro oplo teve.
At the tie - 0 we have the stionea-fnotion

4 F L - (4111)

Anlgcl9O ad 8c pitn sab are u tvrospi"o

tie6tgvsa dao h ,odnto ftevromavciu n ttk
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?Tt tlea 'rM'aq Of I Z. Tt fi TOU 11 C. n ce r 1 4
*On cy07 ,Ie r' fo"r e ha a 0o 0ec ;Z rp at f or i and T,, an daspng f-ov

411 three wave are ainout in phRe with the , -wave, T!e Chih e oincides

almost with the t -wave in t h surface (3, a d hm a consloerablwarrer amplitude
in he -rface (1), In general P4 counteraett ! , however Wm&is pbsitive the
name an .,,in the centre of S "d T, ad notve at He Rn . , the volticity-
advection support4 H and T ld dams H and T . The va ioug c sponents of t
in the 500 ab-eurfacl (2) can be obtainea by tafi: 'nte account of (4;1) (4;7),(0) (0 9), (40 0) (t=O) :I

'S k (- Z Uj &Qk -J + 14t( s k-k s~~3 k4 sivk (53)

IM+, 6C Pa's" kX -d S'k_3;<X -. k co Z~ q, (54

Iprt3NT4A F( S1k, 43 1c - ±4k os2kA
F: 4o J<k-+k)1 (5;5)

In the 500 mb-surface the tern-ZSkUCOs2-Ki from (5:7), the(3 -tern from (5,4),
the nonlinear terms "Szksi,' kfros (513), (514) and the ter- 9k(U-u/0
from (55) contribut nothing to the development. In a model with pure zonal basic
flow there would be 0 = - = PT, = 0 in the centres at the time t a 0. In
order to effect the development, the aea should first be tilted.
4P, and 4 , both are positive in H and Ti, and negative in H and T , as also
shown byvig.2. If one follows the Ylrious erms of k416) and (R;7), rgslp, whilst
the calculations, which lead to (53) and (5;4), respectively, it results to: The
positive sign of titin H and T Is due to the fact that both disturbances are in
an area in whioh at . It is Jst the o;osite in the c~se f H .. nd T The
effeet on Om is that, due to the assumption'Kkz=ycq , Y Lutesatically
becomes > 0 and < 0, respectively, at a high and a low, ibpeo'ively, in an
area with i7 < 0; thu, negative and positive, respectively, vortioityldvection
is taking places It in the Cpposite in the case of V >o 0. This has to support
H and T2 , and damp,12 and T1 (n. Pig.1)
ior (PT' one derives lhe rel: ' ion fnr all +

in addition to (515) from (419). Therefore 'riand 4ralways have the same absolute
value but differenj signs. According to (515) 2ne has ', expect in the surface (?)
in front of each ( -extremum a corresponding -xtresua and in the surfaoe (0

one with a reversed sign, as U > U , U - U>A- A . This contrast-distribution
of the 0v -wve in either p-sulfacs effeot th6 tilling of the axes of the dis-
turbanoi.during the oourse of the following 8 - 16 houre 4 t. be:
Now, A 3> Al and 9 a..*Q> K- +,F . In HI and T therefore h&3 to bat 3PO
l.), <0 'in the case of H2 and T it is iust tie opposite. This corresponds

to the decrease and increase, rospetirely, of the thickness in the long-wave
cold air- and warm air-area, respectively. The offset can only be juot read-offFig .2.
Pig.i shown the conditions after 16 hours. H and T have strongly developed,

damping can be note at H2 '. T1., however, has 4erctepod the inivial'vslue in (1)
and bas a negative Vin the center in both layers. Therefore, one has to expect
a further deepening, contrary at the time t a O. he axes of all disturbances
have tilted.
The relations among the threj components of the Ot -wave have changed since
t a 0. The phse lead of the (PT6 -wave in both surfaces is sltriking, compared
with the (e -wave. New, the temperature-adveotion favours all developments in (1)

_____ -- -f --- --- Ig-W aad aa.-' va B&U Lolosel connioted with the tilting of the ares 14] .
'the %e-wave is slightly retarded in (3) compared with , in (1) %,.is slightly
in advance. Thereby it supports strongly H and T in (3), H and T, are almost

no longer isaped in (1), HI and T2 almost 1o longir furthereR, compared with the
timeAt 0.
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: ° - ,. -* '0 3 - 2 6,i - . -2,C
- 5 4 2 1 i 4 !,2! - 2 - , , 1 01 . 3 -1.2

41 22 15 51 7 -0. 9 -0.6 5 0.6 -1,6 -1.7
71 5 "'30 1 50 51 1 - :3 -0.7 -0 3 0.7 -1.6 -1.98i 5 "A Pe. I" Kk5 151 1 .9 1 ,9 0.0 0.0 0.4 0.4 -2.0 -2o0

91 1 50 '14 15 5 2.8 2.4 -1.1 -041 0. 0.2 -2.0 -2.110 K, 50 14 1"5 5 2.2 2.01 -1.5 -0.91 0.5 0.5 -1.4 -1.7

ib 5 50 14 15 5 3.6 2.9 -2.5 -1.7 0.2 0i2 -1. -1.8 (112 5 50 14 15 5 1.4 1.4 -0.2 0.1 0.2 0.6 -1.3 -1.7 /

a3 -5 50 14 15 5 -3.7 -. 0 0.9 1.0 0 6 0.1 2.7 -.7
+-10 50 14 15 5 -4.8 -4.0 ---. ... 3 8 3.4

15 5 50 11 15 51 1.9 1.7 -3.7 -0.3 0.1 0.4 -1.4 _-1:7 (,Zd)
16 49 15 15 51 3.0 2.6 -i.8 -1.3 0.3 0.3 -1.9 -2.0 (,&/)
17 D 2 8 1.' 5 2.1 2 01 -0.8 -0.3 -0.1 0.3 -1.6 -1.9 L =8
181 5 71 21 15 51 3:0 2.4 -1.8 -1.4 0.6 0.6 -2.0 -2.0 L 1 2

Tab 2. Amplitud~a of the short-wave perturbations af er 16 hre in surfaces (1)
and (6) referring to an Initial value of 1.0 .L - 13 ka.

The term ± ('z1 - in the system of equations (411) for in responsible
for thele phase =Fifts. It represents the influenc of divergence and vertical
motion. C3J
It is partiqularly striking, that4,, is exclusively negative between x = 3-10'

and x - 9.10" . Therefore tht neridional vorticity-advection in this section is
continuously positive.
Sunning-up the following is the normal behaviour offthe various waves in the
pressure-centers:
Because ot its phaz lead tho z, -wave gives in (1) always a minor development-
contribution than in (3" or damps stronger. It is just the opposite with .
Ore favours always in (2 and perbLnently hinders in (3).
H certifies this scheme. Carriers of de elopment in (1) are PAe and 0,

is not contributing. In (1) the ccn ributions of 'm and Ote are largely
cantelled, and nearly coincides with ( . A similar distribution is being
ascertained in T ; however, the contribution of' Pzin (3) is, the same as before,
rather slight, aithough negative, and in (1) always still positive. Striking is
the change of sign ofiep since t = 0, which enables a deepening in bo h layers.
The positive meridional vorticity-advection in the section 3< x< 9 10 effectu

in particular H Whilst *,r is showing approximately the same positior as at H
i relation to the pressure-centers even though with by far a petty amount, aAd

having influence only in (1), 'M' is damping in both surfaces, and is thus
responsibl: for the permanent decrease of H2 . T2 again shows the normal distrib-
ution.
Altogether the following results:
H in the trough, which is a zone oZ high baroclinicity, develops quickly. T
d~ifting out of this zone, is initially being filled up and deepens only after
tilting of the axis has been carried out H in the ridge - an area of minor
baroolinicity - is being decreased, mainly &ue to strong positive meridional
vort'olty-adveoction. T2 experiences a fast deepening.
It is left to examine whether and how these models of behaviour change at the

variation of several paraseters. P eulte can be read from Tab.2.
If one enlarges A and A , whereby U and A /A are remaining constant (Nos.1-4),

H and T are beooling stengthened, A is bMin quioker decreased. T1, however,
lwa little impression. Aoco-ding to 2 (5111 and (114) this behaviour of H ,H ,T

can tlraady be explained by a barotropiu model: Increase of A1 leads in thl 5
8 0-sb-U surface to a corresponding strengthened tendency. The Nos.7-8 are proving this.

The gradual deepening of T is, however, not explainable by the initial situation.
K In pure barotropic basic tates (U - 1/3,4 ) T is being filled up (Nos.7-8).

Inuebrtoi ai tte eqa ionsca b stuidaNoe.1-6 do not allow a distinguishing of a clear connection between the parametersand the behaviour of T.

hTilting forward the ales at t 0dms (No.12) compared with No.3, tilting
h~nlrw--- -.. 4~ N.1 -~t .. 2u "uu'nn -.I of the nonlinear terms in the equations (30 ) can be studied at the Non.3,9,10 l, -

and 14. Because of a change of the amplitude o.- a change of the sign at the initialI iperturbation, can only take effect via the nonlinear terms. The nonlinesar inter-
' actions obviously support the formation of astrong low in th* long-wave trough and



Ar ~~so t~o~ ~ ate~i. .r~txz' cave or, tie * ries
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e o!~ton T, ana H, (Non. 'C, .he atder'cv au'.ted arks-ff here, too.
A halving 611 d l n particula% of advantage to i., This proves again that the
grsdL.l de,- enirg cf T, after ijitial danpig, is a baroclinic effect. H and
T also mak- a profit,'On the other hand the dampin of H is being aaue;d by
pgaitive vorticity-adveetion and can ba allghtl- tnfluencid by changing of .
Noo.3, 17, 18 can hardly be compared, as, iL this ease, together with the wave-
length, also the U change oonsideraoiLy. Nevertheless, a partio lar strong dauping
of T and H can bi noted for the relative short waves. For lo g waves 9 quick
exteAsion oi Hi, T. and T2 (No.18) can be observed.
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SOMMAI HE

Partant des 4quations simplifi6es de la th&- de Is convection (BOLWIN SQ) , on contruit diff4rents
modblea thoriques susceptibleo d'.",re emplcyds pour 1i4tude Ie certainaes des particularits ds phno-
t nos dus h 2' kction dynamique du :'elief danA tune atmosphr.- 1.rocline en dehors do tout effet do couchen
lifmites. Cei-taii ro-'sL tats des calcule sont expoeie t en particulier an Lh~orie non lirnairo, .!e
celculs montrent qu'il ' sItiabit on aval des obstacles, un rdgime de rotors (lianos do courant fiqrmes)
qui conduit dane bien des can ivne configuration analogue h cello de 1'allde tourbillonnair do
von =A1MAN. Ce rg6me de rotre .ant oaract4ris6 par une forte turbulence est rosponsable dana une
grande mesure du phkains de tLulencoe n ciel clair.

S U 11 X A R Y

AERO (HYDRO)DYNAMIC MODEL FOR CALCULATING

RELIEF WAVES

Based cn the simplified equations of the -unvection theory (BOUSSINESQ), various theoretical
models are built that r- be usqd for studying some peculiarities of the phenomena due to
the dynamic action of the relief in a barocline atmosphere, any boundary l:ayer effect being
ignored. Some results of the calculation are presented - in particular in non-linear theory,
the calculations show that dowstream of obstacles a vortex regime (closed streamlines) is
established, which leads in many cases to a configuration similar to that of the von KARMA:
vortex street. This "vrtex regime, characterized by a st'ong turbulence, is res'orqiL.

a .U)1



r j~t le cette i4t--do ott do )ntror ow,~ at l'On POut, T-~Artir ,ar -~ti~ - * onqi
yluicdae, constmuire de mod~lft znth~iatiqueo rofldtaxxt, Pou~r dft cozxL tiwa~ a=x 1iitwi adq &to,
lea principalen ?&rticul&ritga de P n~nea diondee due h 1'action d Uflac Ann8ce az 4Iocolwnt

L' 4co..1wtant attcn--r ot is fluids iz Yiequeux noua nctL7 1ntorero a Ufliqusant k 1'4tu~o
de PAact' " ynTamiqua de l'obstacle our l'4cou1ement an dehora do tout *ffet do couches linitee. On
exaoee tout d' ahord une m~thodeoaffect ire do calcul do 1'4wuulmnt plan nan Av.ifre au-4.orm st an
n.Tai dimu obetaclo plac6 danm un canal de hautour L lhau~to, on 6tudie i'action dj-eaiquo d'i mas-
cle (relief), dana l'espace A troa '0imeoions our -am manse d'air stratifido, dane 20, oadie d'ume
thdorie lizdai in. Cartains r4ouiatata lea caicu~a offectuda Dont orpoada k la fiv do actte 4tude.

Ooa troavera. une synthbso den dvslo pments thdoriqueo our lea ondso do relief done lea Wwaires do
J.W. KIIUS [1], 1. QUEIIE et al. L21, I.A. 1MB [3] ainsi que dans notre ftuds [4] o n pourra ousel
consulter is '%moire 1] conacnd & la prdvision h l'dcholle locals. Enfin, or trouvera no abadn
documentation saxr lea probbmes do IA dcouleinent des flids stratifi~a (principalwwteont e oonoorant
lea t6tudse faitec on Union Svidtique) danm notre coura do i'olo do I& Wdorlio dU PAWX (6].

Leo padnombnes do frottemusnt et dw6ohangeo deobcaloun aont ndgligdo main la force rdpartie agisant
our le fl~de ot provonant do lVaction do ia psanteur d'lntensit6 oat prise en ooayto. Le vootouz
unitairo It tant vertical az'endant et 1e fluids ±noomproaiibie* I's atzratifii, la dquatione do
aouveinnt quand on adglige. frce do CMlIOLIS a' dorivent, pour un hooulomnt utatiomla±Tg

VV.O

on satisfait i'dquation. do oaintiAUit an Pasaint

(2) V~ V4AV
lea doux fonotioms do courant 't Yootituaat I&. gdmdresation do is. fonotico 4o omwnt
plan do 3T1.

Alan *

ot V%=o des ia*Taplss do i'dquAtion du rnwoummct eot 11dquation do BSWMQA.I

ioll fouctionar m W X) ot ("V1  ) dA&M oc1,rt' ie 1e de oaluqu X do
ourannt.

I"Le dquatwo (I) pffmint ftro interprdtdft o~w lee dquations d un QDWpu
loqu.iV'V-O i 0 woa j at*;1 -, iampresibilitd do wavomt 6tant uza oomedqubmoo doe
ropridtda olistiquos 4-4 amweewt *t ven poe des pzorte Phyiques du fli.do.
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1'6quation do Is paroi de 1'c'batacle (relief) ;nous feon-i par Ia suite deux hplxh~soa

I" - lee conditions aux limites par rapport hk Z seront prises sow s forms

jw U 4-pour

(5) f- .X " '

Ij~f pour

V- 4 l'infin± amont, loin ue l'obstaclo, 1'6coulemont non portnarbd eat bidimensionnol (dame 1. plan
des x , a) et !ozwtion uniqomnt do l'altitudo t wat6e 21b 1'infin±4 amont ; soit

To. Tj-k4-cla viteoug loin on amont do l'obataclo, =va~ kcrirons quo

(6) ),v~&S=..opour

3cus os hypothiaow on obtiont h partir des relatione (4) Is ayibt~mo dlk~uitions

V VA QV4 V)VN4r- 0;

(7) ~AA ~~'

I* syslesdlquatioum( i~ mio a de 6ooulsoonts triiawaiocmgla 1' Squtionv d.Tuouo
alaerqwedoLM, Obtoa pour 1A anowtion do courant plan dfun domulmont bidiguxuionmol (7] . Notom

quo. VL&ZXJ dam 1'Stud., (8) A ObtSDU UVO $n4r&.liatiOZ do l'dquatita do WW s a" trdiaanoonel
sonfi fair. intorrecir leo foacow do courant spatiales.

NaintOOLnt 6i. 0 fait 1'gDQ9Ltlond* bYMWIMQ. cui connsata lk r~rliewr 1.. i4S ~ _

scuieatq' cli. iw.rviumnv dama ise oelcui do Is force d'Artaimbdu, on PoM~u'm 6a.~or U~ Proqtica

Mgm UN 2 Ai. IA~ 2r IEUM I
SBYIqMPI StILE U! O 141IU I3CI~fmz oMMST3



LES nMX YONCT1OM ET Y A] ENW AIMC IA IITESE DE

L' ECO-LFE04T PERTUL3E PAR IA 10,A~IQ' (2).

M'um des conditions aux limi±tes pour Isa syptke (8) sera

(9 b) POuzr

ECOULEKEr PLAlN

Dana ce cas Ie probl1ac se ram~xne l~a recerche d' une so1'tion pour la fonction do courant
Sotisfaisent h 1'6quation d'HE1J4OLTZ * (,iui d~coube du syst~me (8) on posant 'yim \ ( ot

et aux coix-itions aux .imIao t

Pour

u~frhn onopu ---. + o.

C ~e *TAvoy sont 4cite ous f aaiionnle tour X/H;

m A~ oa#qiioa(6k) oont obtamo 4 partir des kAuttorw 7 ~!An
4Ooeopt~m.it szMtotiqu. poxr rpport u '4r&04trv Let * or r*11^ant Im -k~us

~ aparsobtro vot 116 ou ncabr* do, PRM i FR W lo p "V1 *eation
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Pour r6soudre ('a pmobme 14] on introdui~t la nouvelin variable

(1?) s _____aveo

at on obtiont h jpartir do 114qustion (9), Pour is fceotion

uns, 6quation aux dhriv~ee partiele qua le on 6krit noun form doedivergance 1 oot to 6quation dtan+
r~solu. avoc des conditions aux limiten homog~nes 4critee on S-0 at S m 1.* Pour r~scudre ce
nouveau, problem, pour Ia fonction on applique Is mdth.-Ao des relatione int4gralse do

DLVXOI!Nrf (9] ; un ctitbre relativameat simple permet ennuite do filtrer avea tne bonne oxattittaie
lee solutions parasite du probldnn provenant. do Is tranformation des conditions amymptotiquse en

Pour - eo at + 0 ) on conditions aux linites classiquen en do=x points (ean at rj, s trcuiont
reapeotivemen* auffisamment le'in an amont et en aval do ji'ob tacls) [10). 1& adthodo do calcul dlabor~o
perm alora d'obtenir pour un profil plan dorind arbitralre Is eonfiguration d-, I' dooulment dozs I0
camal (is hauteur H su-doastima t en aval do l'obstacle an fonction du parsmbtre

Certains r~oultats des culculs offoctudm sont expos~s stir les figures I - 3. 1& figure I noun donne
l'6ooulement au-.lesaus et en aval dfun obstacle iaol6 type, calakild th~or-Equament pour jo- 251
on obtiont comm on Ie voit an aval d,# ot obstar.'e tin r4oIao d,9 rotore pendant lequol doe remoua
tourbillonnuiree 4ont lach6a pdricod±quement par la exits do 1' obstacle, ce qu± cnduit h une configu.-
ration analogue k cello do 1'all6e tourbillonnairo do von KLRW. La figure 2 reprdsente 1' doomlement
an a d'un obstacle wnMtrique Inoun one ws en rapport le rdsuitat obtem par noun at b)
avoo celui do WM~ obtenn analytiquamant en [7]. On voit sur eot example quo ddjk Is modble avoo
un Pml niveau interm6d-.airo (pendant le oalcui. melon, la ndthode des relations int~gralea) donne tin
approximation natisfaisanta do la solution erects do LW obtenue h~ partir d'ume solution Iin~air',
4crito pour tin sautre obetacic, (qui,lu±, eat eyndtrique et n'a rion do oimin avoo llobntaolo do la
rigure 2).

hnfin, stir lea ficuree 3 noun avons repr6sentd le calcul a) b) a) des andes do relief me formant
a-igaue do Ua SIUftbAU pouw diffdrentes valeurs du param~tre #% ot allBui, OVI VUn 60 lo3

comparer avea doe 4oouleinents rdoio, des doulementc d) ot a) construit h partir des oonm~em dlobeez'-
vationo [Il]. Ons remarqumza quo lee 7aleurs do #% dons les dcoulements correspondants sont dilfftronts
cola eat dO, en partio aux diffdrenos do profil do vitesso h l1infini asont et aussi AU fait quo nos
mod~lee th~oriqoen d~1initLnt 1' 4omuempnt par tine surface plane solids.

EC0UUMEMI' TRIDIKEINNEWI LIELIB=

Camn 3s sontrent lea caletils predents, in description des odes de relief ongendrdee par des chatne
do moutagusa teflon quo Is SIERA-IEADA peut-8tre fa3.te d'une manibre satisfaisante par tin mod~le
b-Iditeuionnel. Cependant ass mod4ies deviennent insuffisants si llon. veut 4tudier len ondo, do relief
orde pW de montagne imoldon ;da:-s ce cas is facteur prddominaut qui intervient done tin modble
tridimezionneI eat dd su fait que le fluids a in possibilit6 de contourner et non plus uniqume;t do
frunhir I- "ontagne, cotte pos:bilit6 do contournement ftvtt dons ortains cas plus oignifioative.

TA syatbme (8) olt non i~~ar.pour linariser 00 systhme introduisons lea perturbations den fonotions
do octuunt i jr' ot %.ierarquonis tout d'abord qu'iL l'infini. ainont noun n'Ayoma quo

(12)

1e ucuvemeat om vert=Wb & l'inflini amont ayan, ino vitoose

V~

Dona nomn diriyono,

tc TU/
j!)m & .+



Il no rests pl.us qu' k lindarimar lea 6quatiom (8) 1 dmo dour 64asiow obteznm, linaWe an * t)
on ootisi, failnt um souls dquation pour * ( at 3.4 relation

(14) -74%

qui diooule do (2), aprbe iaarsation, noun dIonne uz. 6quationporV . u

v4tesea owistants cAractdriatique pour nonle 6ooulftont otti a tinw~rtgwl a (4Jt

(15) y

U7na foia que 1' on a calould CAcleat-&-dir. " il set facile do ddteri Pulm X

In auppoeant h a h! comes Ataznt petit (thdorie lin~aire) on denit les conditions ami~ .~tes, assocides,
116'quavion (15), incuo LL formt

(16 a)4

~~S ot u "1oenqu. -o

Par rapport h k , lee comlitionn aux limit&; aewn: prius do bose faqon qua certiis ooitione
do comnergonce soit eatiafaitem; par exeurle ai mn reprdeente In. solution now 1r. forms dtuus int4-
grabe do FCPJRIN

alore on devra prendre qua

Dane Is oan le plus gdndral lea solutioni do 1'douatian (15) arso lee conditon aux ast. (16 a) sent
forzctioh du parambtre a t don daux paravittros N4J

AC

(4v"rI +t(VA
ob 9. t



Dam n oam simple, quand TJ* - at, tp 0 on icrit uns solution ezplioit, facile k mettre,
on onmvrs. Il set pr4firablu d' spplqumr touat abord cotte solution pour un obatacla simple, pWA o ee
emnant d'uns anni~re Juiciou (rapp.3g quo nMa traitom 1.oi un PrOb1~ae lin6afre) obtenir la
solution plus gdnrale pour* am relief plus oopieze. Nous exposorn ioi oerta-4w calouls, effaotuds
AeranoymmI per K. IROXHU, qul avit pour but do calculer Is chap do@ viteasese vertiealsa, done desj ~pier 5 a ocnwt, au dewAmi du Bassin dOAUM t do la r~gx=o dui CAMIAL (NAB= CMMRA1).

Powr 1. paluldsre do pr~cipitatian (qi± sont, en g~n~ral, an borme oorr~iatian avoo lea earns
ot 1 .P0) u~asuxdui Basuin d'ARUMeON, fipr" 4 - 6, nown avons reprdaontA In o8ti sousn form

d'arn some all briqus do relief simple type en paraboioTdo do rdvolution; j torn (w ia, o8to, qui
e span anmr dla terro# 3ouele rlo dv obstacledu fit dola diffdreno d* rugoitd dla terre
pwr~a~ ov" do I& ar (oema set :3quivalont 4 lii .i~uotion. d'ao'alew &jrt uns batur :iotivo,

couchieo limit@.). Une foa la o8te reprdsantie per ame telle gom, nown avone Macuid
l'iaflaie do cheque ParWboioTii. an chaqu Point d asin d'hi~CWH0 ot avons fait in sme do on
inuenma i oe celmal a 04~ fait pour lb saoye ib positif at $gatif (en fonation a3 la atratif-41

*cation do saeam d' air 1 1' iufizi emnrt), mais pour uma nm. direction du vent do Lase (o4,. ),yjpP 2400
(voix lem flaure 4 at 5); mawrlin figure 6 on a mrn on 4videnoe V influeawe do !a direction dui vent do

borneu a rdpertition. deesoa wimIluvieusw ( t;, - 2700 et '> 0).
I ~Daw U i s du alcul sau ls COM (figure 7) Ia relief de !a rdgion a dt6 reprksent4 au, moya do

relief simple avc do. bauteurs et dern dbendue variables, do toet %on quo la, nature dui relief sur
cette rdgiar moit repr6sentd. ie misux possible I urn nslayse fins erain do coratater qua oes calcium
refi~teient d'ams manibre stinfaizant, in adostructure dos pr~c' ationa sur aette rdgion.

D'unmiaibre gidkallea ns dultata obtenue sont enocurageantsaet montrent quo les mofibios hydrodyiaaniqus
qni mont k leow bas ont, darn beaxooup do oaa, valablee du point do vii. pbysiqus o n particulier, on
r"V oova do Is valour pbsiu doe oadea trawvgrwawn mu ocirant do base (voir figure 4 at 7)
wisse, en dridwAc. quaaM '6-/0 soit daens le cas arso orographie, sat dana is cas du littoral par 11im-
txcdation d' mw convection artificiefle &we au oontraste do rugoeit6. %earl V 0, Is facteur relief
sul perd do son iub~rf dons le am do ltiratabilitd via-A-vis des facteurs thermiquas qui conditiozirnnt
alarm 1'emleur do I& convection.

ftfu1 notam que, en ailoptat, ici, dhs In ddpart um point de vue ases g626ral, noun avons 1% poseibi-
3±td d'untfier daim mal otaohm fozv&ealai piupert doe am perticuliore qui psurent so prdsenter

daen les Prcblies d'ondes do gra'it;6 internee.
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AISTRACT'

Shear flows generated by movement of the atmosphere near the earth's surface are accompanied
by complexities not ordinarily encountered in the treatment of turbulent boundary layers. Prob-
Is a arising from the following physical features are considered:

1. Thermal stratification
2. Surface roughness in the fore of forest& snd cities

3. Mon-uniformity of surface roughnea and/or temperature (leading to 3-dimensional
turbulent boundary layers)

4. Surface irregularities in the form of hilly and mountainous topography

The complex nature of atmospheric shear flows has stimulated efforts to study their charac-
teristics in the laboratory under controlled conditions. Accordingly, questions of similarity
between the laboratory and the atwoepheric flows for both mean and turbulent quantitias arise.
Similarity criteria, or appropriate scaling relationships, are discussed.

Wind tunnels designed for investigations related to atmoepheric shear flows are described.
These facilities are shown to have a capability for imulat'ag such flows for a wide range of the
physical features listed above.

1I
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PROBLCMS OF ATMOSPHERIC SHEAR FLOWS AND THEIR LABORATORY SIMULATION1
by

J. E. Cerm&tk and S. P. S. Arya

1. INTRODUCTION

Shear flows generated by the atmospheric flow near the earth's surface are accompanied by com-
plexities not ordinarily encountered in turbulent boundary layers that have been studied in great
detail by ae'odynamists. The atmospheric boundary layer does not have a well-defined outer edCe
separating the laminar and turbulent flows in the ordinary sense of a flat-plate boundary layer.
The horizontal and vertical accelerations of the flow are caused by forces devsloped through simul-
tai._ous action of surface friction, buoyancy, earth's rotation and pressure variations.

We will limit ourselves to the lowest layer of the atmosphere -- the surface layer -- in which
Coriolis effects usually can be neglected. Problems arising from the following features are con-
sidered in this review:

1. thermal stratification
2. large roughness due to forests and cities
3. non-uniformity of surface roughness and/or temperature leading to three-dimensional

boundary layers
4. surface irregularities in the form of mountainous topography

The effects of these features on atmospheric shear flows have not been amenable to theoretical
treatment in a satisfactory way. Much time and effort has been expended in expensive field studies;
however, considerable savings car be achieved through laboratory simulation of such flows. Several
feasibility studies1'2 -3 have been conducted in recent ye.;rs which conclude that many of the char-
acteristrcs of the surface layer can be closely simulated by wind-tunnel flows. These studies have
also brought out the similitude criteria and appropriate scaling relationships,

Atmosph,.ic modeling is important not only from the point of view of its applications in pre-
dicting wind loads on structures, diffusion of heat and mass for various envircamental situations,
etc., but &15o for attainment of a asic understanding of atmospheric snear flows. Orce a partic-
ular flow type has been simulated, the flow conditions in the laboratory can be systematically
varied and precise measurements can be made under controlled conditions for checking existing the-
oretical models and developing new ones. Specially designed wind tunnels capable of generatThg
thick and well-developed turbulent boundary layers are required for this purpose. Some of the
existing facilities are described and some recommendations are made for improved dqsijns.

2. STUDIES OF ATWSPHERIC-SHEAR-FLOW PRORLEMS

Much work has beer done by meteorologists and fluid dynamists in an effort to better understand
flow phenomena in the atmospheric surface layer. A comprehensive review is given elsewhere

4 ,5 . In
this section we will discuss some of the problems of current interest and the progress that has been
made toward understanding them. Mean flow in the atmospheric surface layer has been treated as a
two-dimensional motion by most investigators; however, in Sec. 2,4 tne need for considering three-
dimensional otion is discussed.

2.1 Thermal Stratification

The temperature inhomogneities in the atmosphere give rise to buoyancy forces which greatly
affect the mean flow and turbulence structure. On rather rare occasions of neutral stability and
on plane and homogeneous terrain the mean velocity distribution in the surface layer is well repre-
sented by the logarithmic law of the form

in which U is the velocity at height s, u. the friction velocity, r the roughness parameter
and k is Ura in's constant. The effect of buoyancy has beon observed t8 increase the profile
curvature in case of unstable stratification and to decrease it in stable conditions, Thit is re-
flectod in the value of I in the following empirical power-law relationshir first proposed by
Deacon6 .

I-E

(2)
U r l-6)7 '

The value of C has been observed to vary with stability and also with height, which sawhat
limits the usefulness of Eq. (2). Several theoretical models based on mixi'Ig length contopts have
been proposed for the thermally stratifd surface layer from which theoretical *m velocity and
temperature profiles have been derived ,. ut. most atmospheric data to date hive been more con-
veniently represented by the similarity theory of DMoin and Obukhov S -9 .

The basic assumptions of the similarity theory are that the flow is plane-homogenews, tf-
vertical fluxes rumin constant with height and that the only pertinent variables are height x,
the density the wall shear stress io the wall heat flux H. and the stability parameter
aiTa.

Mluid Mechanics Program". CoIlege of F-ilnetring. Coloeado State University, Fort Collins. Coloraro
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Then, the velocity, temperature and length scales are given by

u. (ol/) (3'

T. = - /(c p ku.) (4)

H
L - u3/(k - o

Ta Ftp

Thes- lard to the following similarity relationships for mean velocity and temperature discributions

kz -U _ * (z/L) (6)

z 3T

Z 4t (z/L) (7)

in which #u and t are universal functions of z/L. For small departures from neutral conditions
the relation

4 1 + 0u(z/L) (8)
u

has been proposed9 which leads to the logarithmic-linear law of the velocity distribution. Experi-
MentslO,lls1indic~te that f3r stable stratification, 10, and the range of applicability of
the log-linear law is fairly wide (0 < z/L < O.S). In uh!. ,ble stratification, u  1.5 and the
range of applicability of the log-linear law is very narrow4,1 1 (-z/L < 0.05). The so-called KEYPS
relationship is found to give a better fit to the observed data. This is Siven by

14X5 o3= (9)u L u

in which y is an empirical constant. For extremely unstable conditions, i.e., as ziL * --
the tow regime approaches that of free convection and t"e mean temperature and velocity profiles
are defined by4

i to~ 2/3 _ 1/3 z./

aT -1/3 /Q -(10)
p a

au *'H u"2 gH -1i -_41(1

in which C is an empirical constant, and KH and ;C are eddy difiusivities of heat and momen-
tum. The ratio KH/KW has been observed to be close to unity in the near-neutrai conditions, but
it decreases in more stable and increises in more unstable stratifications. Values close to zero
for extremely stable situations and up to for free convection regime have been observed4. The
oftun-made assumption that K, a KM is very poor except in aear-nout'al conditions.

In its present form, Monin _nd Obukhov's similarity hbypothesis has been applied to many sta-
tistical haracteristics of turbulence such as variances and sptctra of velocity and temperature
fuctuations, co-spectra of shcar stress and heat flux enorly dissipation, etc. Detailed measure-
%ents of ataospneric turbulence in the last few yearssl4 15 shea that the variance and spectra of
vertical velocity and co-spectra of shear stress and heat flux obey the similarity theory. But,
variances and spectra ef longitudinal velocity and temperature fluctuations non-dimensionalized by
the similarity thecry s,aies show a definite height dependency. The samo was observed by Arya and
Platel 2 in wind tunnel measurements. These limitations of the sinilarity theey have been discussed
in much dctail by Calderl6 .

Gt. • theoretical models for thermally stratified fluids have been proposed ' these are
based on dynamical equations in which diffusion and transport terms have been neglected. Though
very useful in giving further insight into the turbulent transfer process, these theories are based
op assumptions and hypotheses of 4oubtful validity which are not fully supported by experimental
datal

2. 2 arge Roughness

In the preceding section, the surface layer is assumed to be affected by only small su. %ce
irregulrarities. For the flow o'.er tall crops, forests, urban areas, etc., this is no longer true.
But, the simple model of the previous section can still be applied to flow above the rcughness
ele.ents with slight modifications. The modified wind profile under neutral conditions is given
for z > h

u z-d u 0

0 0



where h is the height of the surface irre2ularities and d is the tero-plane displacemant. All
other equations of section 2.2 tould be applicable if z is replaced by z' . Equation (12) has
beer verified for atmospheric fLows over tall cropr20 and forest canopies. The same is fomd trio
for wind-tunnel boundary layer flow.; over model crops 21 and model forests 22.

Sometimes, the flow in and aroatd roughness elements is of main interest e.g., in air pol.'u-
t-on studies and in determining tJke aerodynamical loading of individual buildings within a city,
Here, sie, shape and mutual arrngement of roughness elements will greatly affect the flow chatu-
teristics. bpirical similarity rlationships have been found to correlate the mean wind profiles
fairly well in city complexes -- a dependency on height U a zO.4  has been found to represent
both field and laboratory data 24 .

2.3 Non-uniformity of Surface Conditions

ee have so far assumed that the ground surface Is unifor as to its roughness and temperature
End that the flow has attained a state of equilibrium with respect to these surface conditions. In
reality, such an equilibrium is rarely reached and mean wind and temperature profiles are in some
state of transition from one surface condition to another most of the time. Whenever there is a
change in surface conditions, the wind and temperature profiles reflect the effect of local surface
only up to a certain height above which the profiles remain unaltered and are representative of
surface conditions upstrean from the change. For analytical convenience an internal boundary layer
is assumed to develop from the edg6 of the surface discontinuity. In an actual situation, several
such internal boundary layers may be developing at the same time and divide the flow into different
znnes each representative of an upst-eam surface condition.

Several theories have been proposed for predirting modified wind profiles following a sudden
change in surface roughncis 23 ,2s,26,27 . An internal boundary layer has been defined in various
ways and the pressure -anges occurring in the neighborhood of the surface discontinuity have been
ignored. There is no agreement on the maximum height to fetch ratio for which upstream discontin-
uities no longer have appreciable affect on the local flow characteristics -- values ranging from
1/200 to 1/10 have been indicated. However, differences in the predicted wind profiles by various
theories are not large. Only limited observations of profile adjustment have been made in the
atmosphere25,29 . These experiments indicate that surface shear adjustment occurs rather rapidly
following the change in surface roughness. Velocity profiles are found to agree well with the
theory of Panofsky and 'o;'nsend2 5 when the flow is from smooth to rough, but not so well in the
opposite case. The observed height to fetch ratio of 1/200 is much different from their predicted
value of the order of 1/10. but a much closer agreement is obtained if the proposed modification
to this theory by Blom and Warteena3 0 is considered.

Townsend31 has 'nvestigated theoretically the change in mean velocity and temperature profiles
following a step change in surface heat flux and a line source of heat at the ground level. The
effects of the thermal stratification are also considered. The zesults are shown to compare well
with the observations of Rider et al. 3 2 . Only a few profile adjustment experiments have been per-
formed in wind tunnels.

When air moves from land surface to a body of water or vice-versa, diabatic effects are in-
volved following changes in tempeoature and moisture. Wind profile adjustments differ greatly under
lapse as opposed to inversion conditions27 . More experimental and theoretical work is required if
such effects are to ba predicted accurately.

2.4 Three-Dimensionality of the Mean Flow

In nature, non-uniformities of surface conditions lateral to the dominant mean flow direction
are as common as changes in the longitudinal direction. Air flow over alternate strips of cultivated
and uncultivated lands, along the edges of a forert or a city, parallel to .he shore line and over
an isolated hill are examples where the changes in surface ioughness, temperature or elevation
introduce cross flows. Some studies3 4 have rmcently been made on three-dimensional turbulent bound-
ary layers of aerodynamic type. Currently, an extensive experimental program is underway at Colo-
rado State University to study three-dimensional effects which would be more relevant to enviror.-
mental problems, such as area changes -f surface roughness or temperature and mountain-like surface
irregula-ities. Specially designed meteorological wind tunnels shown in Fig. 1 having large cross
sections and long test sections are suitable for such studies.

The pre.saence of a roughness patch or island in the way of an otherwise two-dimetisional boundary
layer flow causes a general retardation of the flow over the island. This produces strong edge
effects which give rise to new shearing stresses and longitudinal vorticity. Such effects are
likely to persist fa) downstream of the roughness until a now equilibrium is established. The study
of flow over a hemisphere by Hawthorne and Martin 3S reveals the existence of longitudinal vorticies.

Equally important phenomenon in the meteorology of urban areas is that of the heat island
effect. Interactions of a metropolitan area as a heat source on wind patterns over and around it
are very important in air pollution problems. Some studies heve been made36 ,37 of flow of a stable
atmosphare over the heated islands of Puerto Rico and Nantucket and simple numerical models have
been developed for these casms. -

Of much interest are the shear flows over three-dimensional mountain-like features. Theoret.-
Cal treatment of such flows is extremely difiicult. Some model experiments have been made, which
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will be discussed in the next section. Very few field studies of such flows are available38 . When
the winds are light and stably stratified, mountain lee-waves are observed. Lee-waves have been the
subject of intensive theoretical and experimental studies, an excellent review 8f which is given by
Queney 9 et &I and in the Proce-dings of the Symposium on Mountain Meteorology4

3. SIMILARITY ANALYSTS ANi, MODELING CRITERIA

In the preceding section many interesting shear-flow pri')lems of the atmospheric surface layer
have been pointed out which remain far from being solved. "owe of these can be better studied on a
smaller scale in the laboratory. The feasibility of atmospheric mcdeling has now been demonstrated
for a wide range of situations and modeling criteria based on similarity analysis have been laid
downI 3 . Furthermore, simulation in which some of the criteria are realized only in an approximate
sense have been found to be very useful.

3.1 Neutral Bound ar Layer

The siLplest type of flow that is easily simulated by a boundary layer developing over a rough
plate in the wind tunnel is that of a neutral atmosphere over plane and uniformly rough ground, In
both eases the velocity distribution is given by Eq, (1). Provided that the requirements of an
aerodynamically rough regime are satisfied, wind speed and roughness can be chosen somewhat arbi-
trarily. When the roughness height is large -- air flow over tall crops -- the velocity distribu-
tion is given by Eq. (12). This kind of flow has been successfully simulated by using arrays of
flexible plastic strips and wooden pegs21. Flow structure withir the plant cover is highly complex,
but indications are that the velocity profiles can be represented by empirical similarity relation-
ships which hold both in the field and the laboratory. Extansive simulation studies of flow in
forest canopies have been made 22 ,41. In addition to similarity of the general character of the mean
flow patterns it has been obscrved that the turbulent intensity, spectra of velocity fluctuations
and eddy diffuion coefficients in the model behave in a manner similar to that of field. Some
caarisons with fieAd data are given in Figs. 2 and 3. However, turning of the mean velocity
vector with height due to comined action of Coriolis acceleration and pressure gradient observed
in prototype studies is not found in the non-rotating wind tunnel.

Simulation of two-dimensional flow over a terrain representing one or more step changes in
surface roughness poses no new problems provided sufficicrt test-section length is available to
scale down the desired area. Width of the tunnel is a limiting factor if three-dimensional effects
due to lateral changes in roughness are to be rep.-oduced. However, some exaggeration of vertical
scale may be necessary to accomodate large city models if the model buildings are not to be sub-
merged in the zone of viscous flow near the wall. A systematic study of how distortion of this
type can produce flow characteristics similar to flow over a rough surface is needed.

Much progress in atmospheric studies for the purpose of investigating the aerodynamic character-
istics of building and tall structures has been made. Much of the work done in this area is re-
ferred to in Ref. 42. Jenson4 5 was first to point out that in order to simulate static wind loads
on a structure, the model mast be entirely immersed in the wind-tunnel boundary layer and the
scaling must be done so that the ratio h/z is the same in the model and the proto-
type. This was apparently ignored in earligr model studies. The effect of various meteorological
parameters on wind loading of structures has been discussed by Davenport 44 .

3.2 Thermally Stratified boudary Layers

Similarity criteria for thermally stratified boundary layers have been discussed in great
detaill.2, 3,45 . Batchelor47 was first to point out that under certain restrictions, a Richardson
number is the sole parameter governing the flow. This Richardson number must be chosen to repre-
sent the gross features of the velocity and temperature field.

The similarity theory of Monin and Obukhov5 has been shown to be generally valid for the
stratified atmospheric surface layer. Thermally stratified boundary layers have also been studied
12,19,48,49 in the U. S. Army Meteorological Wind Tunnel at Colorado State University; the results
indicate that the similarity theory is also valid for the wind-tunnel flow. It has been pointed
out by Arya and Plate1 2 that only the lowest M5 of the total wind-tunnel boundary layer thickness
can be taken to correspond to the surface layer of the atmosphere. The form of the various normal-
ized functions of similarity theory is found to be the same for the laboratory and the field data
as shown in Pigs. 4, S, 6, and 7. This greatly enhances the credibility of the similarity theory
and at the same time, indicates that the Monin-Obukhov length can be used for scaling heights.
Proceeding in a more general manner using the differritial equations of motion, McVehil ot a13
alo azrived at the same criterion viz., the ratio z/L evaluated at some reference height should
be made equal in the model and the field. It has been pninted out that this simple criterion is
subject to the condition: that ;he fractional changes in the potential temperature are small,
and the ratio l/K. is constant end independent of both height and stability. With regard to the
dacond oondition we-note that similarity criterion world nft change even if KH/KM varies as indeed
it doas, -w*h stability, provided that it is a unique 1onction of z/L. Exvrimental data of Fig.
6 indicates that such a unique function exista.

8ecauso of the difficulties in measuring fluxeo, it is not always possible to determine the
scaling l sgth L . A Richardson nuber defined in tm f the gradients of ea. velocity eg
temperature is the most conwnteintly moasured stability parameter. But, tinca it depends on height

it cannot be used as a modeling parameter. Accord4.ng to the sJmilarity theory, however, Ri is a

sealng l::gt L A Rcharsonnt~e defnedin trms f th grdiens of------ eocit---



universal function of A/L -- Fig. 7. The use of Ri as a stability parster is equivalent to
that of z/L . For modeling purposes a gross Richardson number defined as follows can also be used: ~I

Rih •~ -(-, mmTo)

in which h is the thickness of the surface layer (or equivalent layer in the wind tunel), Uh
and Th are the values of velocity and temperature at the upper edge of this layer. To i h
surface temperature and T is the average temperature of the loyer in absolute scale. Then,
equivalence of Rih for t~e model and prototype flows will yield the scaling relationship

Ch) m  VC )T
Ch M7ha M (14)

Cp) a-m

in which ATh =T -T .

3.3 Similittude Criteria for Turbulence Structu:e

Turbulence by its definition is stochastic in nature and complete siMilarity of turbulence
structure is impossible to achieve as it would imply equivalence of all statistical functions. We
are often interested in simulating only those properties of turbulence which are important in trans-
porting momentum, heat and mass. In certain cases, simulation of turbulent energy in a particular
narrow eddy range would be required. For this, equivalence of normalized turbulent intensities and

energy spectra in the prescribed wave number range may be considered as sufficient criteria for
simulation. While the turbulent intensities are comparatively easy to match, matching of turbulence
spectra requires thick boundary layers and high wind speeds.

50
According to Klmogorov's hypothesis the structure of small scale eddies can be considered -

to be isotropic which leads to a universal spectrum form in the high wave number range - the so
called equilibrium range which is further subdivided into a dissipation subrange and an inertial
slibrange. Similarity of the spectrum in the hMigh wave rPmber range is demonstrated by Pig Ev in

which data are taken from a var ety of flows in nature and the laboratory. Kolmogorov's theory
gives the length scale, (v3  and velocity scale, (v6) for scaling the data.

When the energy spectra for two flows are nearly similar, Cermak4 6 has shown that the length
scales (Ld)m and (Ld) for small scale motion in the mod"' and the prototype respectively, are
related by -

d), F 1(IS)=Ld L

this criteria should be useful in comparing gross characteristics of phenomena associated with

turbulent diffusion such as the width of diffusion plumes. However, a critical test of the relation-ship has not been made. ;

Following a different approach, McVehil et al states that in general the non-dimensional
turbulence intensities must be equal in additTon to the similarity requirement of bq. 15. For
thermally stratified flows, equality of non-dimensional temperature fluctuations is also required.
These authors have also argued that their criterion is essentially the same as stated earlier by
Cermak provided the energy spectra are nearly similar for two flows,

The above mentioned criteria of similarity of turbulence structure are necessary. These are
sufficient only if the wind-tunnel boundary layer develops naturally and any artificial turbulence
introduced is far upstream of the region of interest. On the other hand, if a thick boundary
layer hsving some desired velocity profile is generated by artificial means over a comparatively
short length of the tunnel, additional criteria may arise from different initial and boundary con-
ditions prevailing in the model and prototype flows.

For thermally stratified boundary layers, the similarity theory of Monin and Obvkhov has been
found to be generally valid for many of the turbulence characteristicsl2 ,14 ,lS including spectra
outside of the dissipation range. Therefore, this theory provides a good basis for wind tunnel
modeling of these characteristics.

3.4 Similarity of Motion over Topographical Features

cermak et al I and Nemoto$1 have examined in detail the conditions for similarity of mean flow
patterns and-tu ulence structure in topographical modeling. The non-dimensional parameters that
are required to be matched are the Euler number, the Froude or Richardson number and the Reynolds
number. Matching of the Euler number only requires geometrical similarity of gross wind directions
and the distribution of vortices and eddies.
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It is not possible to match the Reynolds number and the Froude number (or Richardson number)
at the same time if the model fluid is also air. The Froude number is the governing parameter when
some special flow phenomena occurring in liZht winds and strong stratification such as mountain
lee-waves are of interest. Different techniques have been used for simulation of mountain lee-
waves. Perhaps the earliest experiments were performed by AbeS 2 ,S3 who simulated in a wind tunnel
the cloud forps caused by Mount Fujiyama using a geometrically similar 1:50,000 scale model. In
this type of modeling Reynolds number similarity is indicated if the turbulent Reynolds number
based on the eddy viscosity is matched with the ordinary Reynolds number of the laminar flow in the
model. The flaw patterns over the model revealed by the use of incense smc. were found to be in
good qualitative 4greement. Long 5 4 has simulated lee-waves over Sierra Nevtid Mountain by towing
the model in a tank of stratified saline water. The main features of mountain lee-waves have also
been reproduce* in a wind tunnel5 5 using the flow of strongly stratified air under stable conditions
over model mountains.

The laminar flow technique has a-.o been successfully used in simulation studies of flows over
Point Arguello$6 , San Nicolas Island5 7 , and San Bruno MountainS8 , in California. Simulation of
only gross mean flow patterns can be expected in such models. A comparison of model and prototype
flows is given in Fig. 10 for the Point Arguello5 6 model study which was accomplished cn a scale of
1:12,000 at a gross Richardson number of approximately 0.2. Figure 11 compares the rate of decay
of ground level concentrations from an upwind source in the model and prototype. In this case,
where transport of the source material is primarily due to convective transport, the agreement is
excellent.

When flow patterns in stron winds are of interest, i:roude number can be ignored. It is not
possible to obtain in wind tunnels, the Reynolds numbers of the order found in the atmosphere. If
the topographical features are fairly sharp, however, mean flow patterns are independent of the
Reynolds number provided that it exceeds a lower limit which will depend onahe sharpness of the
topographical features. The studies of winds around the Rock of Gilbralter , Candlestick Ball
Park, Calif. 0 and the mountains near Manchester, Vermont61 , are successful examples of this kind
of modeling. Better results are obtained if the model surface is artificially roughened to help
minimize the depth of the viscous zone. In the modeling of large areas with comparatively smooth
topography, one may have by necessity to exaggerate the vertical scale. Some experiments 1 on
distorted scale models indicate that good similarity of flow pattern is not obtainrd,partcularly
close to the surface.

4. SI4ULATION TECHNIQUES AND WIND-TUNNEL FACILITIES

In order to satisfy even approximately the various criteria of similarity between atmospheric
shear flows and simulated flows in wind tunnels thick turbulent boundary layers with large turbu-
lence intensities are required. Various techniques which have been employed to generate such flows
can be divided into two broad categories, viz., (1) in which turbulent boundary layers are developed
naturally over a long and artificially roughened surface and (2) in which thick turbulent intensities
distribution at some section is developed artificially by the use of devices such as grids of rods
or flat plates, curved screens, vortex generators, etc.. The latter are economical in that shorter
tunnels can be used. However, the turbulence dissipates and its structure changes in the downstream

* direction.

For good similarity, large tunnels of the types built at Colorado State UniversL 7 2 and at
the University of Western Ontario6 3 are required. The meteorological wind tunnel shown in Fig. 1
is of the recirculating type with a test section approximately 30 m long and 1.8 x 1.8 a in cro-
section. Part of the floor can be heated or cooled to any desired temperature between -5 and 2uoC.
An air-conditioning system allows for the ambient air temp,rature to be maintained between S and
650C. Ambient wind speeds range between 0.5 and 40 m/sae At a wind speed of about 6 a/sec, a
boundary-layer thickness between 70 and 120 cm/sec ean be obtained as the floor is varied.

An environmental wind-tunnel facility is also shown in Fig. 1. This facility has a test section
of approximately 17 m long, 4 a wide and of variable height between 2 and 3 m. The wide section has
been specifically designed for studying three-dimensional boundary layer flows and for conducting

model studies of flow over urban areaq relpted to air pollution and structural aerodynamic problems.

The university of Western Ontario tunnel6 3 has a test section approximately 26 m long, 2.6 m
i wide and variable in height from 1.8 a at the entrance r- 2.5 m at the and. A 30 cm high grid of

horizontal graded round bars is used at the entrance to ...lp thicken the boundary layer.

In the second category of wind-tunnel facilities, the test section lengths are usually small,
(characteristic of many &'ronautical wind tunnels), but devices are used to produce artificially
thickened tusbulent bounaaries or, in some cases, desired velocity and temperature gradients. For
example..shear and heating grids have been used to generate turbulent shear flows with linear wind
and temperature profiles 6 4 . These grids may not be suitable for atmospheric simulation since turbu-
lance levels cannot be adjusted. Armit 6o proposed a system of barriers And vortex generators.
Vortex gnerators have been used in conjunction with a grid of plates by Lloyd6 6 at University of
Bristol. By these techniques thick boundary layers are obtained in which the velocity and turbulent
intensity profiles are reasomably non-developing. However, the shear stress changes rapidly in the
longitudinal as well as the vertical direction. Recently, the effectiveness of curved screens inJ generating shear in stratified flows has been demon3trated6 7 . This approach shows much promlse for

extending fundamental studies of stratified flows.

£- . .? , - .. .. .. ..... - - -. .. .. . . , ,-



"CA

12-7

5. COlic IJSIONS

Flow of the atmosphere ovi: the earciz. swface is affected by factors which re not includd
in the treatment of classical two-dimension.L turbulent boundary layers. Major effects are produced
on the low-speed flows by thermal stratification, larg. surface roughness (forests, cities, craps),
non-uniformity of surface -oughneSs ud temperature, topographical features, and rotation of the
earth. Excepting for the effects of rotation, .as influence of these factors on mean and flucttu-
ating quantities in the atmospheric surfaos layer (approximately the lower 15% of the turbulent
boundary layer where vertical fluxes are sensibly constant) have been studied successfully in the
laboratory.

Comprisons of data taken from the atmuphere and from the laboratory in the "constant-stress
layer" have confirmed that similarity of these flows = be attained. This simlation capability
should continue to be developed for the purpose of studying the basic nature of these complex flows
which defy analysis and to provide improved modeling techniques. Past experience has revealed that
simulated atmospheric shear flows are an invalusble aid in the study of applied problems associated
with air pollution, structural aerodynamics, wodification of local environments, etc.

The use of laminar stably-stratified flow aver small-scale models of complex topography to
study convective dispersion in a turbulent stably-stratified atmosphere has been proven to be a
valuable simulation technique. Reynolds number similarity based on a Reynolds nmber for the
atmosphere formed with an eddy viscosity and a Reynolds number for the model formed with the
molecular viscosity should be considered for othor problems of atmospheric otion.

Several problems may be listed whose study can lead to significant advances in our understanding
and in our ability to simulate atmospheric shear flows in the laboratory. Those that appear to be
the Most important at this time are the follvoing:

1. How does model distortion produced by exaggeration of the vertical scale L.fect similarity
of two flow fields? An answer to this question is essential if flow over city complexes
modeled on a scale of 1:10,000 or smaller is to be simulated with a high degpee of con-
fidence.

2. What is the effect of three dimensionality of mean flow on turbulence characteristics? As
pointed out by Bradshaw68, not even the direction of mean turbulent shear stress reloative
to the mean velocity vector is known when strong cro$sflow exists.

3. How can thick turbulent boundary layers with appropriate turbulence structure and thermal
stratification be generated without the use of excessively long wind-tunnel test sections?
The combined use of upstream grids, screens and vortex generators in conjunction with
moderately long test sections (20-30 mters) appears to be the most promising approach.

I
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Vbm wind-tunnel testin model situations representative of flow in the atmospheric
boundary lae mean velocity profiles mut be simulated accuratei~y. It is also desirable
to nomuct, the zrespooding turbulence strutue faithful in all respects. Such
z cmuction cal fo comlete representation of the terran upstream of the model situation.
But blocae effets demand wind tunnel of laxgo cross-sctional area for this class of
vork thus ful rep~eedation of the man and tubul~nt flow velocity is seldom practicable
and cou~romlss are neear. The imlications of.such ompromiss are considered.

We basic method8 of now flow pr ofile production we examined. These ame using
S_. parael cyl..nder grids having varyings pacing and wedge-saped flow-mdirin devices. The

| ektensive literatme is reviewed so an to provide a guide to man flow,production for€ the
pr atising aerolyaicist.

SAn eaewinental prga is also surveyed in which the mean profiles produced by both
methods in a rectangulr-setion duct at a Reynolds number 6f M x 105 are cowor with
those genrted natual in the ese duct.

SThough a give moan velocity profile can be generated by more than one basic mthod the
c e pa n turbulnce distributions will be very different. In particula.r the resulting
Renlsstress distriutions can be very sigificnnt since these will cause modifications to
the am velocity profile.

!1



13. METHODS AND CONSEW' W S OF ATMOSPHERIC

BOUNDI"Y LAYER SIMULATION

by David J. Cockrell (Univey-i" of Leicester)
and Brian E. Lee (Shell Research Ltd.)*

Notation

CF: dx total skin friction coefficient

d diameter of rods used in grid

h wind tunnel or duct width

K = K(y) = AP/j0V 2  
non-dimensional pressr.c drop across grid

K! = (po-Pd)/IPU 2  non-dimensional pressure drop of entire grid system

L axial length measured down the wind tunnel

£ centreline spacing of rods used in grid

n parameter in power law exponent

P total pressure in the stream

4P total pressure loss along a streamline

p p(x) pressure at some strimawise section of be dnd tunnel or duct

Pd z P(Y) pressure measured downstream of graded drag-producing device (grid)

Po pressure at the datum section of the wind tunnel or duct

u2 + 7 + m mean turbulence energy

s d/t (for cylindrical rods), solidity ratio

U U(x) maximum axial temporal mean velocity at some strsamise ordinate x

U spatial mean velocity (ratio discharge/cross-sectional area)
established in a duct or wind tunnel of width h.

u u(x,y) axial temporal mean velocity

U, u'(x,y) fluctuating component of velocity in x-direction

Umx axial mean velocity corresponding to y z h at section AB

V a V(y) axial velocity at the grid

V1  axial velocity far upstream or far downstream of the grid

V, V1 , v2  disturbance axial velocities pzoduced by the grid

V' V'(xy) fluctuating component of velocity in y-directJon

wo (three-dimensional flow) fluctuating compovnnt of velocity in
s-direction

x streomise ordinate

y transverse ordinate measured from the wall

a stream refrec .on coefficient

6 boundary layer phyuioal thickness

v kinematic viscosity of fluid

0 density of fluid

bouzi.ary layer shear stress

'rw  wall shear stress

a Work performed in the UiverIty of Leicester Engineering Department
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Introduction

There is nothing novel in using wind tunnels to simulate aerodynamic situations.
Experimencs involving the atmospheric boundary layer may present new problems however.
Prominent amongst these is the determination of flow round high-rise bufflings, for in such
problems the atmospheric shear flow profile is a significant ingedient. The atmosphericonvironmet s, however, equally important in modelling problems concerned with vehicleperformance , 4mation or with the dynamics of flow around bridges and similar structures.

The problems of satisfactory mode.Uing flow round high structures in the atmospheric
boundary layer are immense. If separation bubbles are to be faithfully scaled the Reynolds
number of the model test must be of the order of that for full scale. Since compressibility
effects should not be introduced a limit is cst on the tolerable model size; for example,
it must be one-tenth full scale, or larger. Blockage effects then dictate very large
cross-sectional area wind tunnels, e.g. if a 150m high, 15m wide tower is to be modelled
in a wind tunnel working section in which no more than 10% blockage area is tolerable the
wind tunnel would need to have a working section of 50m x 5m. But even if by suitable
compromises or modelling in a medium having a low kinematic viscosity this problem is overcome
the question of adequate simulation of the atmospheric boundary layer remains. Is simulation
of the temporal mean velocity sufficient or should turbulence characteristics be represented
as well? If it is decided to attempt simulation of the latter then to achieve compatibility
there is no end to the degree to which one might proceed. Ultimately compatibility implies
that the instantaneous model turbulence has a one-to-one correspondence with that for full
scale; it is a necessary but not a sufficient condition that root mean square values of
turbulence at every point in the model field correspond to those in the full-scale field.

It is one question to say what conditions must be complied with if satisfactory results
are to be achieved from a model test, but it is another matter to design the facilities required
to produce them. Since it is unlikely that all can be simultaneously reproduced compromises
are necessary here too. But good compromises cannot be affected without first considering
which are the primary and which the secondary parameters in any problem.

It is generally considered desirable to carry out wind tunnel testing of high-rise
buildings in large wind tunnels with a minimum of blockage (10% might be considered a minimum)
at as high a Reynolds number as possible. Most tests are in fact conducted at a full scale
to model Reynolds number ratio of more than 10:1. Some care is taken to produce a power law

*mean velocity profile representative of the full scale conditions. Additionally some workers
seek to reproduce the root mean square turbulence components (and even the power spectral
density of the turbulence component) as faithfully as possible. The purpose of this paper
is to explain ways of achieving shear flow simulation and the consequences resulting from
the necessary compromises.

The Atmospheric Boundary LaAyer

Although the atmospheric boundary layer is very complex, certain features have been
idealised into commonly accepted relationships.

Tae mean velocity distribution can be represented by a power law having a variable
exponent which is dependent on the terrain to be modelled, i.e.

where u is the mean velocity at a height y from the Vru and U is the free stream velocity
outside a boundary layer of thickness 6. Here n mlihj very from 2.5 to 10.0, a typical
value for open European countryside being about 6.042).

In practice U and 6 are completely arbitrary. Sinc u/. : (Yl/ 6 ) where ul and y1
aw any related velocity and distance within tte boundary layer, thenU ../n U () I n ip (2)

= (Lv , for example 1-- where ujo is the velocity 10m from the groundUl Y), 1O

Thus the profile can be modelled without the boundary layer thickness 6 being known.

This is as well, for it is not easy to say in gewael ters how the boundary layer
thickness will vary. The atmospheric velocity field is ma like a vortex with its axis
ps'Lndicular to the earth than it is like linear flow tblough, duct. Consequently we should

not atticipate a gAdual increase in 6 with distance. Prendtll discusses the physics of a
related problem, that of lasinar flow generated in a fluid otberwise at rest by the rotation
of a disc about an axis thm'ogh its cntre. and ms that the fluid flows outwards, the
surface shear fome being les than the necessary oentripetal fore so that an increase in
momstu flux occurs as the flude moves. He shows that for laminar flow over such a disc

the boundfL,6'! layer thickness is constant. This result we onfirmed experimentally by

A
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Gregory, Stuart and Walker who also examined theoretical work by von Karman and Goldstein
on the corresponding behaviour of turbulent flow. Though they found less agreement than in
the laminar case it would appear that the boundary layer thickness increases with radius.
Also surface roughness would appear to influence the nature of the flow as it does fb other
turbulent flow problems. More recent theoretical and experimental work on this problem
confirming these general conclusions, is reported by Chan and Head(

5 ).

What experimental data exists for the nature of the atmospheric boundary layer (e.g. that
of Harris( )) leads us to anticipate characteristic distributions of r.m.s. turbulence
components, with peaks close to the surface and a tendency to isotropy as the free stream
is approached. The shear stress distribution would be an approximately linear function of
distance from the ground decreasing from the surface value Tw at y = 0 to zero at y - 6.
Assuming that the degree of immersion of a building in the boundary layer will be 2onsidered
as a significant parameter (Leutheusser and BanesM? )) the surface roughness height can be
non-dimensionalise in terms of the building height. In this way it can be compared with
surface finish in other experimental shear flow studies. Where the roughness height is
large the surface shear stress and the shear stress (T) at any ordinate y will also be
correspondingly large. Accepting Bradshaw's(8) relationship, pl aj = T where a, is a
dimensionless constant (0.15) and q7 is the mean turbulence energy u + Vr' + w=7, the

r.m.s. turbulence co onents will also be correspondingly large. There is some evidence
(e.g. that of Armitt() that the turbulence energy is a significant flow paramester.

Modelling the Atmospheric Boundary Layer

The aerodynamicist wishes to produce in his wind tunnel a power law mean velocity profile
having an exponent which he can vary. The turbulence parameters accompanying this profile
have the characteristics of fully-developed duct flow. However we have already established
tiat the ideal tunnel has as large a working section cross-sectional area as possible and
if a boundary layer is permitted to develop naturally down the entrance length, such a settling
length would be of inordinate dimensions. He therefore looks for other means of achieving his
end.

In the system shown in figure I a uniform incompressible, two-dimensional stream enters
at AD with velocity U a duct of width h. Either naturally or as a consequence of saome
ccnstraint situated within the area ABCD, a mean velocity profile u = u(y) is established at BC.
The pressure at AD is denoted by po, whilst that at BC is denoted by p. both independent of y.
Then the problem satisfies the following requirements:

Con tinuil Uh udy
Momentum EFx (po-p)h + thrust developed on walls and

constraint

- [ [h2 dy -Uh]

Eaiilibrium When the mean velocity profile is in equilibrium
the total axial force acting crn the fluid, 7?x=O.

Since the shear force developed on AD does no work,
application of the energy equation along the
streamline AD gives,

P+ p + P + a

where u is the mean velocity at the section BC corresponding to y h and APAS Is the

loss in total pressure along the streamline AS.

Since the mean profile at BC is assumed to be given by
U I/n

uh nu ' l -

then by continuity, u --- U;

and by momentum prirciples in the ebse~ri of any other ;imrvraint

(PiP)h - J x Pht "
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where , is the shear stress developed on the lower wall CD. (It shouAd bo n,)ted that the
shea stress developed on the wall AB is assumed to be negligible cco*-od with that on CD,
otherwise the profile could not be formed.) The right hand side is the momentum fluw surplus.

h u2 x hnl r2

which is not equal to the normally accepted momentum thickness of a boundary layer,

0 2 h -n
(n+l)(n+2)

far in the present problem the flow is constrained by the upper wall AB.

Assuming 6P is negligible in the sne.a- equation, (po-p)h is given by

jp(u2  - -U)h = pU 2 h (2n.~l)
men2

Insawt.,. this value into the momntum equation gives

o r2n2 +3n+2 [ 2n2++2

Thus the drag pr4duced on the lower wall is related to the requird power law profile.

How can this dreg be produced? rhe condition that the mll CD is smooth is artificial
in view of the assumtion made concerning the waLL AB, unless AB be considered the cantre
stream.Line in a duct of total width 2h. In this case, (using an expression for the surface
frictkon relevant to zo pressure gradient and n.7, that

CF -fwdx 20. 074 IiEL 1 we have

SjoUdx 7 i

x Uh 2+3+

Jo, : VjL oo,( -/~

'V' 0.074 n2(n+2)J

e.g. at a Reynolda number U.2h/V of 3.0 x 105 to achieve a /7th-power law profile ii' a maooth-
waled duct x/2h v So , Raising tbt Reynolds imber to 2.0 x 106 increases this fimre to #1.

Typioally, the effect of wall roughening might be to increase the dreg. 1.5 times at a
le olds number of 2.0 r, 106. Such -ougheaing would reduce the duct length required to produce
1/?th-po law profile to 45 duct beights.

Further reduetion In lwnth Is poesle by still further incrasing th drag. A stop
migt well 14 used for this pu.poee.

to all tbee case th, mrs1 turbulent mixing proceases ensure the deel met of the
abaretoristlc power-law profile shape consisting of a near costant axial now volocity except
In the region extremly close to the wel.l. but since diffusio by t urbleat mixing occurs
* oeertively slowly it say be eessay to use vortex geseting device, 4dontrm of the step
to best** the mixi prooes". On polids that will be evtloped later in the paper it is
Imprtant to ensure that the sbear *eat profile is vell repreaented. Vowtm gSu ex tif device.
Intoduce counserehle tw1*AWmo into tbe strow d modellivg of the resultleg tur suleae

permtme Is sm impott theagh largly an ad hoc process (see for maapla ref.11)).

- he figwee derived in the foregoing an"a iss 11stvat* the prin iple of *a* mthd of
profile pvcdution. The mat qistiomble sevrt ic ma . that for the surface friction as
the bounary layes develops down the duct. For flow in a fevourale pressure gfviesat Ct.
msurfae friction will be pater than the value &ssi an4 how* the vele obtaind for the

hof duct retired to achieve the required prof.:e would be consrvative. If a discrete

a
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constraint (such as a step) is employed the analysis develops an expression for its dreg but
it gives no guidance on the duct lerg th required for the profile to develop beyond indicating
that it would be short compared with that required by the smooth-walled duct.

An aiternative simulation technique is to use a graded drag-producing mechanism
(or grid) across the wind tunnel working section. Such a technique enables the required
shear flow mean velocity profile to be satisfactorily simulated but the cozt'esponding
turbulence parameters are less well represented. An importe-t implication of this state
of eai're, that the mean profile is not in equilibrium in the wind tunnel, is discussed
later.

In forming a mathematical model for the design of a grid the characteristic argument
Is to neglect the production of shear stresses, assuming no further change will occur. in
the profile once it has been produced. Thus the flow can be regarded as potential both
upsetza and downstream of the grid.

Over the last 30 years there have been a number of approaches to the p en of the
design of graded drag-producing mechanisms. Using Weihardt's relationship the no-
dimensional pressure &. jp, K, across the grid is related to its geometry and may be expressed
as

K = AP/1 V2 = Ap/IpV2= ks/(l1 a)2 .

where AP is the total pressure loss caused by the grid through which flow occurs with velocity V,
hence 6P = 6p, and a the solidity ratio of the grid (which for cylindrical rods of diameter d and
centreline spacing 1) is equal to d/L. K is a slowly varying function of Reynolds number.

In order to design the grid it is necessAry to establish an expression for K(y) in term
of The given upstream velociy profile and the required dowstream velocity profile. Collrr 12 )

established a method of analysis based on Rankine-Froude actuator disc theory. Assuming the
total need to ba conserved both upstream and downstream of the gid he used momentum and
energy pr ,nciplea to establish the oxpre.ion for K in terms of upstream and downstream axial
velocities. The problem of grid design differs from actuator disc theory however in that
the preasre far from the grid Is not the se upstream as it is downstream and in developing
the relationship Collar had to consider the evaluation of this overall pressure difference.
There are additional prooiems asociate 2 with satisfying continuity for flw constrained
by a duct and the method adopted wa: cxiticised by Taylor and Batcbelor(13 . They (and others
since) introduce disturbance velocities having some simple structure into the flow. Using
the constancy of total head postuatio, both upstrea and downstream of the grid they obtain
the relationship

Where v, is the vela-ity increment produced by the disturbance velocity at an upstream
station, ar.d v, is the cor".sponding increment ax a downstrea station, both being ronstant

across the section, a is a c,.efficient which accounts for the refraction of the stream at the
grid introduced by the later*L fl. Using this equation K is given fros the known velocity
distribution V + v1 and the required distribution V + v once a is knotn. An empirical
rilationship for a suaested by Taylor end atchalor is

a : 1.1(1 + K)'

Oon d zUnxieswk ,- evei6.-d the method to permit lintear shear profiles to be
produced, Leter £Ldrr ' prodvvzced a very Werol extension, enabling arbitrerily-haped
end -post onId aures tc be used, which is comes and difficult to follow. Recently
Turtm Ma a de the mathod much mcir amnable to treatiaet by considering niumrical
aethods of soi.tion,. uitable* for d4gitAi. computatioe, of AE rls eqjations.

mcawrhy( )  ta~ly simpli ed tho preseutation of the problem cf producing highly
shoze f , Usir-g ' h ccnc*,t of conseancy of total hed in -he* &xial direction, both
pet-rem and tstti, of the vid he further irgues that since vorticity is constant along
strea es (to "he first c rdr of aaa.u quantlties) the lateral total head gradient is

iy

wore V *h! :oce. i,.x&i^ vsloc tv it the gxid and Vi is the axia velocity either a long
way u4stle*" or dowr.-stes of tbe grid a.o:din to which field of flow is under consideretion.
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Hence V L I

dK dV d

dy dy dy llV dJ

where saOscripta u and d imply t-pstream and downstream evaluations respectively and K is
written so AH/IpV 2 . Whilst permitting the design of varyingly-graded grids for the
production of shear flow in a duct, McCarthy's equation reduces to Taylor Pnd Batchalor's
fur uniformly-graded grids.

(18)Not only has the mthematica of grid design now become formi e, but (as Cowdrey
coeents on the present authors simplifications of Elders method ) in order to get
solutions At all from such sophisticated approaches linearisir4 techniques, which are
invalid in regions of high shear close to the wall, have to be adopted.

*)wdry's approach is based on the idea of using simple c3ncpts which mould the physics but
which may w all be only an approximate representation of the system. These are to consider
that since the grid of rods has a major influence by blockage on the flow ahead of it, its
entire influence is on the upstieam flow, all lateral flow taking place before the grid. He
also defines a system pressure drop coefficient K based oa the static pressure difference from
far upstrem to far downstream of the grid.

Since the flow downstream of the grid is assumed to be unaffected by it then

j 1_K! Z Po - Pd 
= IP(V

2 - U
) + IPV2K

where the subscripts o and d refer to upstream (datum) and downstream conditions respectively,
the upstream velocity U is considered independent of y whilst the velocity at the grid V and
the non-dimensional pressurae drop across the grid K are bot.' y-dependent. Writing u* = V/U
gives

(u*)2  (I + K)/(. + K)

K 1; itrst deternined arb.trarily and its successive u3e is on the basis of experience.
The Arjer the value chasen the fewer the number of rods wh' h will be required in the
rmulting grid. Thus n4ign of grids having different values of Ki may givc some masure
of control over the accompanying t rbulence structure. us is esteblished by the shape of the
veloc!ty profile that is requirod, e.g. for a linear she"" profile in which

6

Jo

then

us  2ylS

Not* that u* is not the no-dimensional veootity ratio in the required profilo in the
illustration chosen the mamum velocity is shotm by continuity to be 2U and not U.

Thus K is deterained in terse of koown values cf us and KI. Tht solidity ratio
relationship, K a kx/{l - s)2 . it then ~nvo, e4 to give the required rod spacing.

c~pilibrius boundsz layers

The x-drectd mmentum eust'on appiiod at any I.ansverse or4dinate y in the boundary
layer state* that the rate of change of axial momentum I%, eq to the forces applied in
the s-direction. If the phrase "equilibrium z-un4sery laysr" 'a used to imply that the
tempoel man velocity profile is invar'iant with x. the nmmentu equatio shows the profile
wll be in eqilibrum when the s-directed ,orce is *ero, i.e. the pressure fcres balarkce
the total sbear forces (inclusive of the Reynolds Inertial fr-es). Ae'ce the equilibrium
conditlon is that

ly

mod sisce the prosmare p can be considered invariant with respoct to y. -he shear stress will
thm be a linear function of y,

"t
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For a laminar flow, where the molecular viscosity is considered constant, this of course
leads to 8 parabolic velocity profile. For turbulent flow it would be necessary to establish
the form of the eddy viscosity rclationship before the resulting mean velocity profile shape
coula be known.

The above elementary analysis assumes that the mean velocity prokile is formed in a duct

or wind tunnel. If it is allowed to grow naturally in this envirnmvent it will (eventually)
Le accompeanied by a linear shear stress distribution and thus reach a state of equilibriur.
Note (from fig. 8) t4at the shear stress, growing out from the wall, does not attain this
linear distribution until a considerable duct length has been traversed. It is the initial
deficiency in centre-line shear stress gradient which is responsible for the characteristic
growth of turbulent boundary layer thickness parameters to a maximum, followed by a docreaae
to their equilibrium value- ,fig.7). However, if modelled artificially probably the eheer
stress will be nun-linear. Vortex generating devices for example may impose largt departures

frn the required shear stress profile, whilst graded grids produce little shear stress at all.
In such cases the required mean ieloci-y profilo may be established in the wind funnel but it
will be out of equilibrium aad the extnt to which it will depart from its equilibrium shape
in shown lby 'he momentum equation) to be dependen' on the magnitude of the local shear stress
gradient, (for the rate of change of v-directed momentum per unit mass equals "'/?y - aP/dx),

S'nce the velocity profile eventually attains an equilibrium state this development must
be a stable process. Stabi.Lity is brought about by the action of the mean velocity profile
back on the shear stress distribution. Suppose for example that locally aT/y- dp/ds is large
and positive. The accompanying force oromotes flow acceleration and a local x-d!rected velocity
in excess of that at lI.ger values of y. Mixing length theory then indicates that the loLAI
Reynolds stress will no longer be strongly negative, that is there will be a reduction in the
local value of shear stress and hence oi the x-directed force per un.t mass, at/ay - dP/dx.
In this way production of the equilibrium boundary layer can be seen to be a stablu process.

The essence of atmospheric boundary simulation however is the, non-dioen .onal duct length
must be kept as short as possible. Hence there is little possibility for artificially formed
mean velocity profiles to acquire an equilibrium state. Though the profile formed in the wind
t.nnel may represent the required atmospheric mean velocity profile the modelled profile is
much more liable to change than its full scale counterpart.

How much does this lack u.f equilibrium concern us? Probably very little, for most wind
tunnel studtes are concerned with the effects of air flow under ver localised conditions.
Where whole regions may be modelled in the tunnel however it is important to consider that
deviations from linearity in the shear stress distribution could result .n unacceptable man
velocity variation in the working secti .. A simple test to determine whether the mean
velocity profile is sufficientiy in equilibrium to be acceptable should always be carried out.
This cou-'d be done by examining the profile variation over the working section longth before
the T06el is inserted into the wind tunnel

Experimaental pro mkr

The wind tunnel used in the pr*sent inveatigation is showi sche-%stically in f1.g. :. Its

purpose was to -nable the beha;'votr of two-dimensional boundary layers produced by a variety
of methods to be studied and he major crit ria for the tunnel desigr were that overral leonth 1.&d
to be less than 200, that it was to be powereJ by a fan already available and that it mLst be
produced economically. A working s*ction velocity of 60m/s was ccnsi4*red desirable and power
reatrictios t~hn limited the _ro-qs-eectional arie of the working section to a m"ximu of 0mIX2 .
The working section was zuien manufactured in glass-fibre to internal dimensions of 12 inches a
Sinches (0.3m x C.1m) and thus workiz4 etion Reynolds number based n duct height was abort

3.0 x 105. Provision to tra-.rse pitot and static tuber as well as normal and Ilanting hot
wire ano ,etr probes %as provided every 0.3m throughout the working section length of 121 equivrlent
duct heightts. E.nd speed -:ontrol was by mans of adjustable shutter vanes mntmd dcwnstreoL
of the fan. Turbulence Informetion was obtained using a A.I.S. Constant Temperature Ane&eter
in assorlation wIth D.I.S.A. hat-wire rrobes.

As well as permitting natural boundary layer growth, mean velocity pofllss were siwrated
using grids of rods and flwv-mixing devices. 0.036 inch ) stainless saeel piawo wire
tensioned in an angle-iron frome (fig. 3) wae used for the rods and initialY the apeche& was
determined by the modification to Elder's method described by the Authors ( 1 9) . Later Cowdroy's ( )

method was used and shown to give improved results. The spacing of the wires was set accurately
by ruming them over suitably machined notched rollers.

rolliing Schubsuar and SpamUnberor a revertible flow-nixing device we designed, the
basic element of which is showm in fig. 4. In oe direction the elent form a plomoh-sh e,
revered it is a rmp. The elements ware attached to tho fl±;r and roof of the tunn l behind
a step as shoDw In fig. S.

I.
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Experivental results

Mean velocity profile.- produced immediately Lthind the various oixing deviue: are snoun
in fig. 6. rilds designed to produo.e power-law mean velocity profiles are seen to be behaving
successfully, The profilAs produced by the step and forced-mlxing devices are less ia*e itely
Occeptable. Severe separation has occurred ne&r the base of th ramp and by conzinuity,
the result ic an increase in the central-ragion velocity producing a 1et-type of flow. With
the plough-shape the converse has occurred. Flow has been directed towards the walls leading
to a velocity-defect in the central region and a wake-type cf flow. The length of duct
required to attain an equilibrium state may be judZed from fig. 7, in which the phyjsical
thickness, 6, of the boundary layer is that at which u .9 Suma x . For duct flow "t is of
the zrder of 80 duct heights (compare a figure of 50 duct heights previously calculated).
Profiles obtained by the use of wire grkdh are not in equilibrium until the same crder of
distance downstream of the grid. For the ramp however, an acceptably stable state Is achieved
in half this distance. The reason for the rapid attainment of equilibrium is the short distance
required for the greatly increased shear stress to attain a linear distribution. Compared with
the naturally developing boundary layer (fig. 8) the shear stress produced by the flw-mixing
device used as ramp attains a linear distribution In one-quarter of the duct length (fig. 9).

The development of the centre-line shear stress gradient for the flows behind the
simulation devices is given in fig. 10. As has been shown, equilibrium is attained when
t/ay is constant and equal to dp/dx; this occurs when the non-dimensional shear stress

gradient is equal to unity. A value different from un.y implies mean flow acceleration
or deceleration along the centre-lina.

The centre-line shear stress gradient is much more critically susceptible to small
changes in fiow conditions than are bulk psx'ameterL , based on the mean velocity profile,
since the former is the cause of temporal mean velocity changes and the latter the effect.
It is a parameter which is most responsive to flow history because of the diffusion of
turbul : ce which occurs outwards, from the walls and the simulation devices, to the duct
centre-line.

Racause of the lack of turbulent shear stresses produced by the graded grid, profiles
produced by this means take thn longest distance to achieve equilibrium. With the triangular
plough simula-n and particularly with the ramp simulator however, equilibrium is achieved
very rapidly, i some 40 duct-heights in the latter case.

Discussion of results

There are a large number of possible methods which could be utilised for atmospheric
bo.tdary Layer simulation. Some are better than others but all of them have their drawbacks
regurdig tLe flows they pi, duce and the practic-1 difficulties involved in their use. The
uss of wall roughness often requires a prohibitive length of wind tunnel and only produces
small scale turbulence. The use of grids of rods is the most practical method and is
froquently used. They produce the required velocity profile almost immediately downstream
of the g'id but as turbulence diffuses outwards from the wall the consequent Reynold. stress
di tribution is such as to c3use the profile to be modified. Added to this the turbulence
associated with the grid is much smaller than it would be in the atmospheric environment and,
for reasons stated earlier, the simulated profile may be unire. esentltive.

The main disadvantage of flow-mixing devices such as the ramp and plough-shape is that
their use is much on a trial and error basis. Their advantage for atmospheric boundary
laver sviulat .on is that the turbulence structure can be adequately simulated as well as
th4. mean velocity profile. Equilibrium mean velocity profiles form quickly with the ramp
si ulator; it is thus preferable to the triangular plough shape.

Extensive experimental data on the methods of simulation described in this paper 4s
contained in ref. 21.

Conclusions

1. To simulate atmospheric boundpry layers appropriatoly in wind tunnels it is at least
necessary to be able to produce an arbitrary temporal mean velocity distribution and to
reproduce the scale of turbulence. Following Bradshaw this then implies that all root
sean square turbulence par-meters are simulated.

2. Prccticable -imulation implies the use cf graded grids of rods or of flow-mixing devices.
If grid of rods are employed, Cowdrey's design method is recommended. Such s.mulation
repr'oduces the mean velocity profile adequately but is less satisfactory for turbulence
paremtira. Both mean flow aid turbulence can be simulated satisfactorily using flow-mixing
devices but the processes are much less well understood theoretically. The ramp-type device
permts simulation in a shorter axial length than any of the other mechanisms tested.

3. It is fortunate that developmeu of an appropriate profile is a stable process. Like
a novel, this means that the profile will come out all right in the end, though the axial
length r%quired ani the corresponding turbulence profile are dependent on the methods employed.
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of the prodution mechanism, tince this requirer the simultaneous generation of a linear
shear stress profile. This is probably unimportant except where it is necessary to model
extensive terrrAn or to examine flows about the model at large values of y/h.
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A method is described by which a neutral atmospheric boundary laytr cam be simlated in
a wind tunnel. M accelerated rate of boundary layer growth is obtained by the use of vorticity
generators in combination with a castellated barrier and surface roughness elements. The
characteristics appropriate to rough wall boundary layer flow are apparent in the sinalatee flow
at a distance of three boundary layer heights from the generator trailing edgss at a distance of
four and a half boundary layer heights the flow is acceptably representative of true rough wall
boudary layer flow.

Extensive meaurements have been ade in order to establish that the flow produced is
reasonably uniform across the span of the wind tunnel and that it does not change appreciably in
the stromiss direction. The variations with height of the simulated boundary layer properties
have been compared with data from natural and atmospheric boundary layers. The measured integral
length scale of longitudinal turbulence have likewise been ccapared with similar data. In all
respects satisfactory agreement is obtained between the simulated boundary layer and the natural
and atsepheric boundary layers.

UOUECLAUM

A - Constant

3 - Constant

b - Distance from tunnel floor m (in.)

a - Generator height - (in.)

L - Sei-espirical length scale a (ft)

n- requency Hs (cy/sec)

r - Separation distance me (in.)

lii(r,r 2 ,r 3 ) - Correlation coefficient

W(n) - Normalized power Npeccral density at frequency n

U 0  - Reference velocity at 1C a height a/sec (ft/eec)

r- re stem velocity &/sec (ft/sec)

U() - Longitudinal velocity a/sc (ft/sec)

v(7) - Vertical velocity a/sec (ft/sec)

v(s) - Lateral velocity n/sec (ft/eec)

x - Noo-dimnsional quantity n/UlO L

go - tohness length M (in.)

- I oundary layer thickness a (ft)

Y - zntermittency factor

A prim denot es a fluctuating contribution and a bar denotes an average vith respect to time.

-imm-- ------------.



At~ -n tiw a uniform airflow past a building or structural model is a wind tomel 1114
coneidored adequat* for the determination of smai steady surface wind loads. Useevr, with the
advent of taller buildings end larger buildings having colea etermal shaes Lt was faedi
desirable to represent at least the velocity proffle of the atmospheric boundary leper in saih Vied
tunnel tests; that is, representation of a shear flow past the model was required. VAis in
normally achieved by such methods as grids of rods spaced parallel to sash odoer an-aees t el
span or by gma*e screens. The shape of the shear profile can easily be altered by agiag the
spacing end *s* of the rods or changing the screen resistance. Thus the effects of wind shee on
the mean tteady loads can be determined.

A rasearch progrmm was initiated at the Cetral Electricity Ieseareh Laborsteris
(C.I.I.L.) to devise ways and sme of measurf-it the fluctuating leads In such a way that the
measurements ade vould be truly representat' ~f the full scale fluctuating loadiag of the
buildings being conseidered. It was subeequen. found that the fluctmating o~mpomt of wind leads
was significant with respect to the design of cooling towers for Power Stations. TO determine such
loads i.t follows that the tests need to be conducted in en Ar-flow fully representative of ft
atmospheric or rough wall boundary layer. This in turn implies correct simlation of the

intensities end scalet of the turbulent quantities of these boundary layer flows.

With suff icient space available such a boundary layer cmn be grte naturally. It the
case of the; C.S.R.L. law speed wind tumnel a 1.2 matre (A ft) high boudary layer wes required in
order that adequately sired test models could be used. The length of working section required to
grow su.ch a boundary layer was clearly prohibitive. Therefore en attempt was mae to devise a
method which would give a accelerated rats of growth and produce a fully developed boumdar 1a8er

a distance of from three to four times the required boundary layer "i.ght.

This paper describes the development of such a system at C.I.I.L. for the simulation of
en atmospheric boundary layer in a wind tunel end presents some of the more interesting results

2. OTUER U9THOD OF PWD(JCING SUKM FLOW AND BUNDARYT LAMU FLO0W

~ I Adequate representation of boundary layer flow requires simulation of not only the
correct turbulenre. intensities but also represmntation of the frequency posr spectra of the three

j turbulent velocity comonents. In particular we require representation of the law frequency said of
the spectra, that is, e require that the large * energy containing eddies should exist In the
simulated flow. Eddies of comparable sire, for exmle, to cocling towers hae" been measured in

S the atmospheric boundary layer (Harris 19E) an hence the necessity for their representation.

Irtoscoh is well known that *bear flows cmnbe produced adequately by the use of $&"auae:
orhoeyoms(Lawson 1967). shm yse i as produce turbulence istheir wae u hoisno

necessarily of the correct intensity or scal*ed in fact is mostly high frequency turb~iuece.
Therefore such flows cannot be classed as boundary layer flows as defined above.

The artificial production of boundary layer flow has beman ttempted but the flows
produced have lacked low frequency energy or the correct magnitude of turbulence intensity. or have
had excessive asewise son-iaiforaities. for emamle the system used by Lloyd (1"67) does ot have
sufficiently large "eyolds stresses or turbulence intensities. That uoed more recently by Tmlio
(1969) &*es not appear to hae sufficient energy at low frequencies an has eacssive spamise
variations in the velocity pwofil"e

Finally one can retort to growing a bonary layer naturally which has been dome at the
University of Western Ontario (Deveoport and layumov 1967). This required a wind tunnel havingavbdag
section 24 a (90, ft) long to produce a boundary layer of about I a (3.5 ft) in height. Thee a
boundary layer of adequate aiam was produced in a disis of 24 boundary layer heights. when$$
the requirement at C.I.A.L. was to produce a boundary layer of similar height in three to four
boudary layer heights.

The irstsyveu ued a C..K.L wasintndaryt produce as accelerated version of a

Thi cocep imlis tbt eisenc intheboudar laerof large, *low Noving. costre-rotating

tringuar lat se ataltrnae icidnceacrss hetunnel spin. It was hoped that the
generated vortices would spreed sa of the zroun'O I -- turbulence upwardsa in order to mowe
the initial lack of turbulence in the outer sewti ut the simulated boundary layer. Roever the
gators produced strong, fairly comamazratod varti me* of a persistest nature which Wa to large
asawise end vertical wo-uisiformi ties of the velocity. tutbulefce end Isymolds stress profiles
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(Armitt and Counihan 1968). Apat from this it was considered that, in using the triangular
generators, saw doese of asymestry would still exist in the flow due to their alternate

bnidnc settings. eci hgeru n h budrylyeb

In te scondattmpt de4vi"se uch a system it was proposed that the section of the
boundary layer grown on the surface roughness should be loft to develoip freely and that the

tublnedeveloped br hudb upeetd nscin ihru ntebudr aeb

to9gether to form a coplete boundary laver.

Since it is known what the form of the turbulence distribution in the boundary layer
should be, it was assumed that a shape &..-. -e.eor was needed which would have in its ya" a
distribution of turbulence which had a axajm value near ground level ad ich decreased to sero
at what would be the top of the boundary layer. If the correct turbulence profile is eventually
produced, then whatever eddy system exiseta in boundary layers my be persuaded to form naturally as
a consequence.

IMs shape chosen was a quarter ellipse in side view whose major axis is twi-ft its minor
axis. In plqm view the section is wedge shaped, the wedge angle being a constant at any pima
section. The apex of the wege faces into the flaw direction and hence theik is no "ameetry
introduced into the system. Therefore the characteristics of the elliptic wedge wake should be
identical at equal 4istancas either side of its centre-line. It was considered that a low wedge
eagle would be benef icial. in producing a graded vertical distribution of orticity rather than a
vortex in the wake. From this point of view a semi-wedoo angle of 5 to 6 semed reasonable. A
constant weiss angle was maintained at all sections of the generator as it was felt that this was
seeded for the product.ion of turbulence or vorticity orer the comlete generator height. Higher
wedge aes than those stated shove might have reaultod in a section having excessive base drag.
The generator has been ters*d a elliptic wedge vortic-ity generator. It does in fact produce a
gra~od distribution of vorticity in its wake whose &nos are perpendicular to the tunnel floor.
This generator in comination with a castellated barrier and surf ace roughnass has been used to
produce the required boundary layer flow.

4. CM01 o AND 0?TDCAWIOU OF IU SUMWAMI( TERHI!M1

The final positioning of the generators, barrier and surface roughness is shown in Fig. 1.
Rztmasive preliminary testing had taken place in order to assess the contribution of each in-
dividual cmoet to the flaw finally produced (Couskihen 196k). All of the work was carried out
in the C.S.l.L. boundary layer tiunel with the ultimate &im of producing a 152 -n (6 in.) high
boundary layor in three to four times this distance. The free stream velocity was approximately
9 u/set (30 flt/eec).

Initially the form of the longitudinal turbulence distribution in the wake of one
generator was established (Fig. 2). It produces a vertical distribution of turbulence z its wake
of the type postulated in Section 3, as being of the required form. The second sigificant
characteristic of its wake is that at any given height the spanwie intensity of turbulence is
sensibly constant over a good proportion of the spawise extent of the wake. Therefore it could
be deduced that it should be possible to find a macerator pac.ing which would give very littl
spanwise on-uniformity. It was also decided at this staep to use the generator having the 6

se~-edgeanle* since at any particular section the wake of this generstor will be wider than
that of the 5~ gerator. Therefore to obtain jsimilar degree of lateral uniformity the 6
geostore can be spanied wider apart thau the 5 generators. It was thought that this spacing
thould be as wide as possible to be consistent with the productkoa of the correct form of the
power spectrum of the lateral turbulent velocity component.

In deciding what the generator sacinig should be it was assumad that a spanvise
variation of turbulence intansity of not greeter than 11 would be tolerable at mny given height in
the loundary layer at a distance of three boundary ley~r heights downstrem from the trailing edges
of the poaranors. As a result of ts to determine this spacing. a distance apart of 76 me
(3 to.) for the generators was decided on.

The dimensions sod position of the barrier in the wind tunel working section were then
determined. It we. thought that, if the barrier was placed at the intersection of the working
section mo cotraction. it could influence the flaw through and from the contraction. In the -as*
of a wrind tun1 in which there is no contraction before the working section the point to be
oasidaetd Is that thart srill be a relatively thick floor boundary layer sad that the ntus loss
des to this will haes t6 bW taken into accout when deciding on the height of the barrier. As a
remult of e*m brief tests the barrier was poeitiomed 51 me (2 in.) fro, the contraction in the
C.R..L. 1bousidary layir vind tunl (Fig. 1). If honwer the working atiou length of a wind
tomsel tosioet. the barrier could be mo ed closer to the contraction without serioly effecting
the an results. The barrier beisbt. which was decided an in later tests, was chosen at 22 a
(0.85 is.). This was subsequently modified by the addition of 6.33m. 4DzS Wn high cantellation.
positined on 0h barrier indienoely forward of the geerators (Fig. 1).

From the point of view of mutual interaction, the positioning of the barrier and
generators relative to sach other was also of importance. This was determined by varying the
position of the generators from the fined barrier and measuring the effects of this os the
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downstream turbulence intensity. These :,sts showed that determination of the position of the
generators was te sow extent arbitrary, as in the case of the barrier. In this case it was
decided to position the leading edge of the generators 127 = (5 in.) downst.sm of the barrier.
However as in the case oi the barrier. if sufficient working section length is not available the
generators can be closer to it without seriously effecting the shape of the vertical distribution
of turbulence measured downstream.

The surface roughness used consisted of 'Lego' baseboard, the height of the roughnese
elements being approximate scaled down versions of those uf previous tests (Armitt and Couniha
1968).

The above barrier, generators and surface roughness were positioned as indicated for the

remainder of t' q tests.

5. EXPEIMENTAL USULTS

In general measurements have been made at two downstr- -a stations, one three boundary
layer heights and the other four and a half boundary layer he ats downstream of the trailing edges
of the &aneratcrs. Mainly the masurements mde at the station further downstzea only are
pr.-ented here. The characteristics of boundary layer flow were however adequately establiehe!
three boundary layer heights downstream of the generator trailing edges.

5.1 Velocity Profiles and Reynolds Stres.es

:n the first instance the boundary layer to be simulated is a neutral atmospheric
boundary layer appropriate to flow over rural terrain. It has been assumed that the relevant
velocity profile can be approximated to by a 1/7th Power Law profile for present purposes. It can
Do sen from Fig. 3 that the swan of the measurei profiles is very close to the curve for this
power law. Tne flow has adequate spanwise uniformity as indicat- by the difference between the
curves measured at poritions corresponding to the generator cer.tre-line and the generetor span
centre-line. The difference between the curves represents the maximum sparwise non-uniformity in
the velocity profiles.

Also shown on tho curve is the profile suggested from analysis of ful.-scale measurements
(Harris 1968) for flow of the amospheric boundary layer over rural terrain. The agremint is
reasonable bearing in mind that the surface roughnes of both tests may not be exactly comparable.
A theoretical assessment has previously been made (Counihan 1969s) of the extent to which the
simulated boundary layer compares with a naturally grown boundary layer of similar height and
roughness. The cosparison was mede using the velocity defect law

U -U
R& - A + B loglo (6/Z)

UT

(where A 2.80 and B - 5.60)

in conjunction with some of the maeurements made in a natural rough vall boundary layer grown on
the 'Lego' baseboard. The estimated velocity retios at various heights in the boundary layer have
been tabulated:

Natural Predicted Simulated
Z/6 24 ma (0.95 in.) thick 152 me (6 in.) thick 152 m (6 in.) thick

boundary layer boundary layer boundary lay,

0.40 0.815 0.860 0.875
0.30 0.740 0.900 0.840
0.20 0.650 0.730 0.S05

0.10 0.515 0.620 0.730

Comparison between the predicted and esimlted boundary layers seem sasonable. The diacrepascies
could be due to the fact that neither the natural nor simalated boundary layers seem to hae
reached a owplete state of equilitrim. Such conditions are acceptable since it c4m be assued
that be amo pheric boudary layer, being couatmtly subjected to chasa in terrain roughees,
does not always have sufficient legtb in Whieb to reach a state of equilibrium appropriate to a
particular rougheess.

?be masured variation of the DeysoldA etraese with height is elso shown on fig. 3. Th#
form of tb distribution is very similar to that obtaied in natural bousiary layer flow. The
theoretical baynolde stress at ground leve! has been "stiAst*d on the sm basis as the theoretical
velocity profiles med predicts a value of 0.0024 in c. oarson to the value of 0.0023 measured in
the simulated boundery layer. hafere ce con also be ne to Deveiports (1963) paper %dwre results
are eum riad for pipe flow sd natural wird experimens. The eumried data give a poer Im
exponent of 1/7 th for a surface aear stress coefficiset of 0.0025 which is in agrment with the
simulated bomadary layer results.
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5.2 Turbuiunc Intensity Profiles

The longitudinal, lateral and vertical turbulence intensity distributions measured in the
sirwlatad boundary Layer are showi in Fig. 4. The spread of the experimental points represents the
degree of spsavise non-uniformity in the flow ad, as can be seen, this can be regarded sa
negligible. The shares of ths distributius a' -r approximata closely to those obtained in natural4 ~boundary laycrs. and the turbulence intensitles of the three components arG, of the right order of
-agnituds relative to each other.

The intensity of loagitudir-al turbulence, based on both free stream and local velocity
has been comper-rid with the atmospheric boundary layer data (Harris 1968 in Fig. 5.. Au previ isly
stated, this drt is appropriate to flow over rural terrain where the boundary layer thickness is
usually taken as being of the order of 300 m (1000 ft). However the thickness in this Case has
bee taken to be 600 m (200L) ft) (See Section 6.3), in comparing the t.urbulenc data. The
couparlsnn of the measurements baed o". local velocities is proba bly the more realistic comparison

to mks, and an this basis the form of the distribution compare reasonably well although the
turbulence intensities are higher in the simalated boun*arv layer. The discrey vacy at the lover
tee'.ion ef the boundary layer ic greater since the velocity gradient of the simulated boundary
layer is greater than that of the atmospheric boundary layer in this region.

5.3 The Turbuleite Spectra

Extensive spectral measurements were made in order to establish that the spectr. were
reasoasbly invariant in spa .ise and axial directions and to establish the form of their variation
with height (Counihan 1969b). The spectra of the three components of turbulence shown in Fig, 6
are typical of those m.asured. The presence of energy at the lover frequencies implies the
existence of large scale turbulencq which is one of the requirements specified in Section 7. In
Zineral there do not appear to be any irregularities in the for=s of any of the spc-tra.

Theoretical form of the longitudinal turbulence spectruw have been proposed by
Davenport (1963a) and Harris (1968) which are a follows:

U S(n) -__ )__/ - Davenport
I (1 X

2 1

and n S(n) . + 2 - Harris

(2 + X)

where X - n/U 10 L

and L is a length scale of magnitude 1200 m (4000 ft) derived semi-empirically by Davenport.
Assuming that the %eight of the relevant atmospheric bou-Adary layer is 600 m (2000 ft) then the

ealc of the sizul. ed to atmospheric boundary layers is 4000:1. On this basis the theoretical
spectra were calculated 'or coWdrison with that measured (Fig. 6). The agreement between che
curves is quite sajisfactory. At the low frequency end of the spec*rR the measured spectrum falls
betwren the two proposed theoretical curves. The values of the maxi,:.. energy per octave do not
agreL exactly but this is not considered to be particularly significant since the assumption -3f a
slightly different scale between the simulated and atmospheric bou-dary layers or a larger length
1. can adequately off-set this discrepancy. Fcr instance Harris (1968) suggests that the length L
could possibly be increased to a value of 1800 m (6000 ft). (n t'his basis the agreement between
the simulated and theoretical spec,ca was taken as seatisfactory.

5.4 The Intermittency Factors

The tutermittency factors of the three components of turbulence were measured an. are
presented in Fig. 7. This factor is defined as the proportion of time that high frequency
turbulence is present in the velocity signal at a given height in the boundary layer. For example
it should have a value of unity in the lower section of the boundary layer and should be
approximately zero at the top of the boundary layer, assuming that there is no background
turbulence. As can be seen the spanvise variations of the factors are not excessive and in all
respects the form of the distributions for the various turbulent componenta are very similar. The
seasured 4nterittency factors of the longitudinal turbulence are compared with similar measurements
by~e=AR and Fistler (1954) in # natural boundary layer also in Fig. 7. The agreement between the
measurements has bean takev as satisfactory.

6. MifE STRUCTUPE OF TUE SIHULTATED BOURDARY LAYER FLOW

Having shown that the general characteristics of the simulated flow were adequately
representative of boundary layer flow 't was decided te look at the structure of the flow in some
detail. This was done by measuring some of the space correlations of the fluci ating velocities.
The correlation is defined as:-

U1 U /U1P iP Q
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where: U' is the turbulent velocity at a fixed point P and

U1 is the turbulent velocity at a point Q distance r from P
Q

For brevity this can be written an:

ij (rl,r 2,r3)

where: r1 ,r2 ,r3 are separations on the x, y and z axes respectively.

In these tests the measurements were confined to cases where i j hence the correlation is nov

Rii (rl,r2 r3)

For example the correlation coefficient of the variation of the longitudinal turbulent velocity
for vertical separations is simply,

Ruu (o,r,o)

i.e. x is the streameise axis

the y axis is normal to the tunnel floor and

the z axis is horizontal or across the stream.
Extensive measurements were made of the correlation coefficients (Counihan 1969b) with

a view to not only establishing the integral length scales of turbulence in the boundary layer but
also to pocsibly gaining some insight into how the system that produces the simulated boundary
layer works. A more detailed investigation into how the system works would rcqulre umeaurements
of many more correlations than those obtained in these tests. The measurements also established
the invariance of the correlation in axial and spanwise directions.

6.1 Measurements of Ruu (o~ro) and Ruu (o or)

Typical measurements of these correl.ations at various parts of the boundary layer are
presented in Fig. 8, 9 and 10. As can be seer in Fig. 8 and 9 the vertical turbulent length
scales increase with increase of h/H upto 0.25 for positive separations. Above this height the
trend tends to reverse but the effect is not very pronounced and the mean length scale can be
taken as being reasonably constant.

The correlations on Fig. 9 clearly indicate a peculiarity of the flow which was not
measurable from fixed points lower down in the boundary layer (Fig. 8). This is taken to
indicate that there is a secondary eddy or length scale in the simulated flow, which can be
explained as follows. If it can be assumed that there is some inward flow to the base of the
generator near the top which increases the local velocity, then these measurements can be
associated with a generator 'tip effect'. Reference to Fig. 3 shows that there is a sudden
increase in the velocity zradient (du/dy) near the top of the boundary layer at the generator
centre-line and a measurable increase of shear stress (r) in the same region. Since the
production of turbulence is a function of the product of these quantities (T du/dy) it can be
assumed that the hump' in the correlation measurements is associated with this effect. The
irregularity decreases with increase of downstream distance and clearly tends to lead to an
apparent extension of t length scale and is less distinguishable as n secondary eddy. It was
assumed that this effect did not seriously inflt .nce the main flow in the simulated boundary layer.

P the measurements at the span centtre-line there was a tendency for the correlations to
go slightly negative at large positive separations (Counihan 1963b). It was initially thought that
this might be due to somde interaction of the main flow with the tunnel roof boundary layer.
However since the effect decreases with increase of distance downstream this does not appear likely
It seems more probable that it is associated in some way with the barrier and it can be assum.W
that the motion is not a dominant one.

Typical measurements of the correlation of the longitudinal turbulent velocity for lateral
separations are shown in Fig. 10. The results indicate an increase of length scale with height
which, lower down in the boundary layer, is far more pronounced than that shown for the vertical
separations. This trend is versistent up to a height of h/1 = 0.40. The correlation also show a
clearly defined trend in 6oing negative at large separations. It is possible that some degree of
periodicity -xists in the lower sections of the boundary layer where mixing caused by the barrier
would be less vigorous than that higher up. This periodicity would be due to rows of vortices
being shed at any given height in the x-% plane by the row of generators.

It appears from the correlation measurements that the turbulenc- length scales are an
approximate function of the generator spacing since Ruu (o,ro) * 0 at a separation corresponding
to the generator span and Ruu (o,o,r) + 0 generally at s separation of half a span.
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6.2 .oMarILon of Correlations with Natural Boundary Layer Data

In order to establish whether in fact the measured correlations were typical of those
found in boundary layers, the results wore coampared with similar masurements by Grant (1958) in
a natural boundary layer. A natural boundary layer being that grown on a flat plate under lab-
oratory conditions. The comparison of the correlations for vertical separation in shown in
Fig. 11. Clearly the correlations are of a similar form end the scales a similar siss to those
measured by Grant. The only discrepancy is that higher up in the boundary layer Grats length
scala tend to be slightly larger. The sae conclusions can be drawn from Fig. 12 where the
correlations for lateral separations are presented. It can therefore be assumed that the flow in
the simulated boundary layer is ropresei ,ative of natural boundary layer flow regarding the
integral length scAles of the longitudinal turbulence mad the characteristic shapes of the
different correlation distributions.

6.3 Comarison of the Correlations with Atmospheric Boundary Layer Data

Since the similarity of the simulated and natural boundary layer flows has beau
established, the nesurements can now be compared with the corresponding correlation measurements
of Harris (1968) in an atmospheric boundary layer over rural terrain.

As can be noted, the correlations are plotted against the non-dimensional distance r/H,
where H is equivalent to 6 the boundary layer height. Therefore some height must be adopted for
the atmospheric boundary layer appropriate to the relevant conditions in order to compare the data.
In accordance with Davenports paper (1963) regarding the dependence of the atmospheric boundary
layer height on the surface roughness length (Zo ) , it was initially assumed that the height
appropriate to the terrain of Harris's masuresents was oi the order of 300 m (1000 ft). However
a comparison of the full scale results with those in the simulated boundary layer, on this
assumption, showed that the atmospheric boundary layer length scales were approximately twice those
of the simulated boundary layer. Therefore on the basis of the conclusions already stated in
Section 6.2 regarding the similarity of the flow in the simulated and natural boundary layers it
was decided to assums a height of 600 m (2000 ft) for L zC atmospheric boundary layer. All of the
comparisons with fullecale data presented in this paper have been based on this assumption of
600 m (2000 ft) for the height of the atmospheric bc.idary layer.

The simulated and atmospheric boundary layer correlations are shown in Fig. 13 and 14.
In general the full size length scales are slightly greater than those of the simulated boundary
layer, However it can be reasonably assumed that a satisfactory simulation of the turbulence
length scales of an atmospheric boundary and correlation distributions of the right form have been
achieved.

It was noted that Harris's fullscale auto-correlation data did not tend asymptotically to
zero for large time delays. This cuggested the presence of some error in the results. Approximate
corrections have been derived for these by Scriven (1969) assuming that uncorielated spurious data
was added to the signal. Application of the correction results in a better agreement between
simulated and atmospheric boundary layers since it reduces the full size length scales.

However it is also of interest to note that Grants measurements (1958) of the correlation
of the longitudinal turbulent velocity for longitudinal separations tends to suggest that the
correlation takes longer to reach zero than theoretically predicted. The indications from this are
that correction of Harris's results may lead to over correction. Clearly more atmospheric
boundary layer data is desirable in order to prove or disprove the argument.

Another point worth noting also arises from the preceding analysis. If the ratio of
the integral length scale of turbulence to the boundary layer thickness is the same for both the
atmospheric and simulated boundary layers, for the same roughness conditions, then measurement of
the atmospheric length scales may prov'de a suitable method by which the thickness of atmospheric
boundary layers could be defined.

7. DISCUSSION

In general the simulated boundary layer does not possess any significant spanwise
variations of the measured parameters. It is also sensibly constant in a strematise direction
ova, that section of a wind tunnel which, it is anticipated, would be occupied by the model under
test. The method of simulation reproduces all of the known important psvmters to a degree of
accuracy that makes the simulated boundary layer comparable to a -aturally grown rough wall
boundary layer. However it is worthwhile making some points concerning the simulation method used
and the flow produced by it.

The attainment of a velocity profile approximating to the 1/7th Fever Law was not the
sine qua non of the simuI.Ation but was merely chosen as a convenient and useful basis on which to
build the present simulation. The profile, however, is typical of that obtained over rural terrain.
It is assumed that the principles of the system adopted here can be developed to include simulation
of the flow over a wide range of conditions varying from built-up areas to flat open country.
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The assumption of a height of 600 m (2000 ft) for atmospheric boundary layer flow over
rural terrain has given satisfactory agreement regarding the length scaLes and spectra of
longitudinal turbulence. Obviously some sourcas of error still remain since the boundary layer
height cannot be defined as precisely as one would like and since the choice of the value of the
length L seems, to some extent, t, be open to doubt.

However, on the basis of the present knowledge it can be assumed that the scale of the
simulation in the C.E.R.L. boundary layer tunnel to the atmospheric boundary layer is of the order
of 4000;1. It is important that the correct scaling factor is used since it affects the size of
models used in wind tunnel tests for measurement of both static and dynamic loads on structures.
Incorrectly scaled models will give some degree of error in static load measurements because of
incorrect local Reynolds numbers, and will give wrong correlations of dynamic loads due to the
ratio of the eddy to building sizes being incorrect. The irportance of th7 eddy to building size
ratios has been discussed at some length in Davenport (1963b).

It is also of interest to note the effects of this change of boundary layer height, i.e.
600 m (2000 ft) instead of 300 m (1000 ft), with respect to plume dispersion tests in the
simulated flow. The current height of power station smoke stacks, for example, is of the order of
180 m (600 ft). Therefore a scaled stack in a scaled 600 m (2000 ft) boundary layer should not be
influenced by the secondary flow effects of the simulated boundary layer (Section 6.1). These
irregularities are confined to the top of the boundary layer so that by the time the plume will
have dispersed into this region it will be sufficiently far downstream for these secondary flow
effects to have become negligible.

If it could be assumed that the atmospheric boundary layer in neutral cc-litions has a
mean height of say 600 m (2000 ft), regardless of surface roughness, this would considerably
simplify the design of wind tunnel models and tests for wind loading experiments. Shellard (1963)
suggests that better agreement with meteorological readings is obtained by the adoption of a comun

height for the atmospheric boundary layer and considering the present lack of data this seems to
be the moze realiatic approach tc take. Measurement of the integral length scales of turbulence
in the atmospheric bcuudery Icyer may provide a useful method of obtaining the required boundary
layer hz-ight data.

- NCLUSIOSS

It can be concluded that adequate representation of a neutral atmospheric boundary layer,
regarding both general characteristics and flow structure, can be obtained in a wind tunnel using
the above method. The terrain simulated is that appropriate to open country.

Although some secondary flow effects are present in the r,imulated boundary layer these
are not considered to be particularly significant. It is suggested that measurement of the
integral length scales of turbulence may provide a basis from which to define the physical
atmospheric boundary layer heights.

9. REFERENCES

Armitt, J. and Counihan, J., 1968, The simulation of the atmospheric boundary layer in a wind
tunnel. Atmospheric Environment 2, 49-71.

Corrain, S. and Kistler, A.L. (1954). NiCA Tech. Note 3133
Counihan, J., 1969a, An improved method of simulating an atmospheric boundary layer in a wind

tunnel. Atmospheric Environment 3, 197-214.

Counihan, J., 1969b, Further measurements in a simulated boundary layer. C.E.R.L. Note RD/L/N 68/6

Davenport, A.G., 1963a, The relationship of Wind Structure to 71ind loading. Paper 2, Sym. 16,
Int. Conf. on Wind Effects on Buildings and Structures NPL.

Davenport, A.G,, 1963b, The buffeting of structures by Gusts. Paper 9, Sym, 16, Int. Conf. On Wind
Effects on Buildings and Structures NPL.

Daver.port, A.G. and Isyumov, N., 1968, The application of the boundary layer wind tunnel to the
prediction of wind loading. Wind Effecta on Buildings and Structures, Int. Res. Seminar, NRC
Ottawa.

Harris, R.I., 1968, Measurements of Wind Structure at heights up to 598 ft above ground level.
Sym. of Wind Effects on Buildings and Structures. Loughborough Univ. of Tech.

Lawson, T.V., 1968, Methods of producing velocity profiles in wind tunnels. Atmospheric

Environment 2, 73-76.

Lloyd, A.R., 1967, The generation of shear flow in a wind tunnel Q. J1. R. Met. Soc. 93, 79-96.

Scriven, R.A., 1969, Assessment of E.R.A. (kat analysis, C.E.R.L. Note (Unpublished).

Shellard, H.C., 1963, Estimation of design wind speeds, Paper 2, Sym. 1.6, Int. Conf. on Wind
Effects on buildings and Stractures NPL.



14.8

Tonsend, A.A., 1957, The turbulent boundary layer. Proc. I.V.T.A.M. Symposium on boundary
layer research. Springer, Berlin.

Telin, C., 1969, Interim progress note on Simulation of Earths surface winds by artificially
thickened wind tunnel boundary layers. NRC Canada LTR-LA-22.

10. AC NWLEDGZMNTS

The work was carried out at the Central Electricity Research Laboratories, Leatherhead,
Surrey, England, and the paper is published by permission of t .e Central Electricity Generating
Board.

1. ?JAsl layot of geratc rs and barrier ia wind tunnel.

2. !urbuleme dietributia In the wake of a generator.

3. Vlocity and Rsjnolds Strea profiles la the elsmulated boundar layer.

4. !T-orlee rofiles in the simtlated boundary layer.

Cosparison of li uulenoe with full-eoale seaurnts.

6. Preqamoy speca of the three amponents of turbulence.

7. Itat ttency faetore In the elmulated bowu y lae.

8. Oorelation of lonitudinal velocity for vrrtioal seperatione

9.
10, • H forlateralsp ratioas.

11. 0oarisoa of o elations with natural boundary layer date.

12. * H U U H H H H

15. Oomperi so of correlations with atmospheric boundary Ia.er #At&.

14. H H H H U H H



14-9

44

i g I
we"a" LAOU P ToUA an~ IM Wf LO

IM
iN

CUTW OfCMI T L IVPk TUK01 igTWI A9 f AI LPCVMaw "Alm m u al" o UN TO M N El " I



14-10

CWAMMO6 OF SSOAifIMI MTN AY600,440CAL IOUNOAR, LATIN PO9LI
of bMIIO by"mi' ATAfl 119611~

S. -- s's.

61 9

e1 Ed ES 06 a0 6 " 00l 24

1.4~

I'm VSwTY Ol INIa gSTA IN E I 061141,1MC N IOEIAlS WOESSAIT

to-I

ISI

124?"S if ni yiAE~l Im A OF IM 6.SSAA AVE AT ST 04.11"



14.1

OR.. PKm IA

I- I-

1 ba- LAV H- iIll. T OF6MRI O

FRKA ;:- - - -NO LN IM LVIO y o

a- t$A

iim som~g m - iiSiim



VIA1.cAL ceeU"LAYON ef LOWIVOAL YK40?Y ca"O...

- - ---- -- --

919

40NU 9

po OM~mCO IM PRMO.9A a
II 99 44 SI 0 63 94 &PO6

*am

iiI.
op va pwn



Cseu INUN UII PR1alIAM Sow A NAVUIQY~f

O3MSM LATIN

NIGR II 1

.40 3I0 #

FIG 12 CWUU OF COhMA1IU UWABIPIa

R~~flCAL 6~ 0 b a~I (""Art

816 .0ku
SIN * 6191

P a 11rn

LAT: OUABL I - gOSTO v

6 %to

II PRO

Go, .



15

L&BRTOIY IN~VZSIAI Orcs A13ISPHIC SHIM FLOWS UBM A

ORIN WATER CHAML

by

Jams W. Clark*

L0ited Aircraft Rom~arch Laboratoris
last Hatford, Comweticut, U.S.A.

*htf CM..Tid mod Myut~ Dynmica. Aalsted by Richard C. Stoeffler and Pal G. Vogt.



SUMMARY

A 2-ft-wide by 6-in.-deep b, 10-ft-long open non-recirculating water channel was used for
investigatica of stratified shear flows. This channel employs porous foam material at the inlet
to shape the velocity profile and hot water nozzles to impose a temperature gradient; flexible side
wasla allow Adjustment of the radius of curvature in the horizontal plane. Maximum flow velocity
is about 1.0 ft/sec. Straight-channel results correlate with the stability theories of Drazin and
others in which unstable conditions are defined in terms of dimensionless wavenumber and Richardson
number Examples are given in which the results are used in analyses of clear air turbulence
encounters associated with mountain lee waves. It is concluded that the results are useful in pre-
dicting turbulence within thin, initially stable shear layers which undergo destabilizing undula-
tions such as occur in orographic and shear-gravity waves.

This ieseerch was sponsored by the National Aeronautics and Space Adminitration, Washington,
L .. , under Contract NASW-1582.
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I Dll; 'IN deep by if-?t-long, non-recirculating, open
channel flojwo The lucite side walls can be

There continues to be considerable interest adjusted from the straight-chpnnel position

in the nature and causes of clear air turbu- (shown by the solid lines in Fig. 1-1) to any

]ence. Fndamntai questions remain regatding desired cu.rved-channel .osition (shown by the

the origins of artain types of CAT. Once dashed lines) ith the minimum centerline radius

these origins a. determined, improved criteria of curvature being about 6 ft. The flow is

for predicting the occurrence of CAT can be illumieated from beneath the glass floor using

dsv-aiou& -d possible methods for its detec- fluorescent lights.
t4 Z, and avoidance can be evaluated. Tapered filter beds made from a porous foam

CAT is usually associated with flow systems material* bonded to porous stainless steel

having wind shear and density gradients, and supporting str"-tures are used to in roduce

sometimes with curvature of the streamlines, desired vertic and transverse velocity pro-

The UARL Open Water Channel allows laboratory- files at the upstream end of the channel (Fig.

scale fluid mechanics investigations of such 15-1). Several different adjustable porous and

flows to be conducted. nonporous sluices are used at the downstream end

Accordingly, the principal objectives of the of the channel. They provide usable mean

investigations reported herein were: (i) to channel velocities up to about 1.0 ft/Pec.

gain increased understanding of the nature and Hot-water nozzles in the plenum are ued to

causes of CAT, (2) to develop improved criteria introduce vertical and transverse temperature

for predicting neutrally stable states in gradients end, hence, denctty tratificatioo.
atmospheric flow systems, and (3) to compare Figure 15-1 shows schematically the nozzles used

the results of this research with available to create vertical gradients; twelve suc,

meteorological data and attempt correlations. nozzles are actually located in the plenum.
The paper contains three main sections .... a The coordinate system used to describe pointsdescription of the equipent and procedures in the flow is also indicated in rig. 15-1. Thi

used in the fluid mechanics experiments, a dis- central region of the channel away from the

cussion of an investigation of the stability of floor and side-wall boundary layers and way

straight, stratified shear flows, and a discus- from the free surface is the region of primary

sion of the application of the results to atmo- interest. The gradients attainable in this

spheric shear flows. Additional investigations central region vary with the local temperature

in the present program which are not discussed of the water and with the shear-layer thickness.

herein included experiments with an os llating The approximate ranges in tests reported herein

plate to induce disturbances in a shear layer, were:

experiments with standing shear-gravity waves, 0.02 - V - 0.5 ft/sec

experiments with the channel walls curved, and -3,5 a-V/az - + 35 sec I

meteorological analysis of six clear air turbu- 4o O T 1 100 F

lance encounters from airline, military, and 0 - T/z - + 135 deg F/ft

NASA experience. Use was made of the curves in Fig. 15-2
(derived from tabulated data in Ref. 15-1) for

DESCRIPTION OF EQUIM T calculating the Richardson number,

AND PROEDURES Ri - (-g/p)(ap/aT)(8T/az)/(SV/ z) (15-1)

Figure 15-1 is a sketch of the UARL Open

Water Channel indicating its major features. for these flow conditions. The range of

This facility provides a 2-i -wide by 6-in.-

4 Scott industrial Foam, a product of the Scott Paper Company, Foam Division, 1500 East Second

Street, Chester, Pennsylvania, U.S.A.



Ricliardason number was frc7, 0 (for ff/ft - 0) to A sumar'y of thieoretical stabilty criteria
near Infinity (for W/az approaching' 0). for straight, inviscid, stratifiei shs.r flows

T n 40 F; the maximum was Re/1 - 67,800 per ft end analytic functions are used to rapreaent
fv. V a 0.5 ft/BSC and T - 100 F. the vertical profiles of velocity and density.

The floor of the channel slo!-ez acwnward. Small, finite disturbances are introduced using
slightly toward the sluice. Thus, some provi- apetrtinsemfuco.SC4Iy
810.o is 10014 for floor boundary la"r growth. criteria are derived in terms of a, d, enid Ri,
Neverthelesa, care must be taken to assure where a is the wavenusiber of the dl-'urbance
tb,&t observatione are n,)t influenced by this or -zt/k- X is the wavelength), d is half
boundary layr, reirticularly at loy channel the shear-layer thickn~ess (d -~V/(a/z 0 -
speeds. Care must also be taken to assure W. is the velocity difference across the shear
that the blocking effect of the sluice, under layer and (3V/8z) 0 is the Omear), and Ri is
low-c 'el -oety, strong-stratification conditions Richardson numbt-.
does not influence the dbservatir'-. The hyperbolic tangent velocity profile

Tiutrally buoyant fluorescent ave* is used assumed by Drazin (Ref. 15-3) most clIosely
to obtain qualitative information about the approximates the profiles that ear. be estab-

*nature of the flow, e~g., for cbserving lished in the ehannel by proper shaping of the
internal waves, vortices and turbulence.* It tapered filter bed. Drazin derives tbh- fo2.lcr-
can also ba used to determine the wavelengths Ing equation for the neutral b(-zdary on the

olatinumna w sTe e(tendin fr n ecanel floorpane
through the0in-I sfac of the wate RhyonMUALONAY

tontateempraur filee-ed
Meaurments wae vebocyai pi~es us Regisf :lan; ari unstable flow are shown
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bnncet proceed to break duwn into turbulence; 7n Fig. 15-4(a), the flow vppears zdisturbed.

the greater the number of vavelengths thait Neither the dyt traces nc. the hydrogen bubble

oc-ur upstream of the trbulence. the greater tracei shov visual evidence of any pertu2bation.

the probability of detecting small wave on In Fig. 15-4(b), which is 8 in. further down-

ispntropes upstream of turbulent region. in strez, the center dye trace indicates the pre-

the atmosphere. It was also desired to deter- sence of a wave amplifying as it progresses

mine whether or n ,t Drazin's criterion, or a downstr~rm. The flow wes ipproximately two-

similar criterion, could be broadly applied to dimensional, i.e., the wave extended across the

shear flows without detailed consideration of channel.

every small "kink" in the velocity and density In Fig. ]5-4(c), which is another 19 in. down-

profiles. Finally, it was hoped that the stream, the waves have rolled up into vortices.
results would provide further evidence that The circuiation of the vortices has the same
Ri - 0.25 should, in fact, be used as a sense as the vorticity introduced by the shear---

critical Richardson number in atmospheric the shear is negative in this flow condition,
analyses. and all of the vortices rotated counterclock-

wise. These vorticea &:." slightly in size as
Experin nta]. Results they drifted downstream. Their downstream drift

velocity was checked and found to be approxi-

Profiles matel.v V0 , the velocity upstream at the center

Velocity, temperature, and density profiles of the shear layer. The flow was also deter-

witl.n 5 to 10 in. downstream of the filter bed mined to be two-dimensional at this stage. (The

for three typical flow conditions are shown in small kinks in t.e dye streamer in the lower

Fig. 15-3. The corresponding velocity and left center of the photograph are not related

density profiles in Drazin's theory t,- shown to the flow pattern. There occur occasionally

by the dashed lires. These profiles show the when a drop or two of dye that is slightly more

typical differen, that existed between water dense than the rest comes through the probe.)

channel velocity profiles and the corresponding In Fig. 15-4(d), which is another 28 in. uwi-
ideal hyperbolic tangent profiles of Drazin. stream --- 66 in. downstream of the filter bed ---

Over the central portion of the shear layer the the vortices have "burst" and the flow appears

similarity was good. The differences usual- turbulent. The fluid motions were three-

appeared near the edges of the shesar layer dimensional at this stage.

(particularly near the low-velocity edge). These observations are in agreement with the

Further comments on the small influence which theoretical analysis of Michalke (Ref. 15-4'.

these differences appear to have on the stabi- He calculated lines of const'nt vorticity and

lity of the flow are included later in the streaklines for a hyperbolic tangent velocity

paper. profile for Ri - 0. His results how concentra-

Th, three velocity profiles all show positive tions of vorticity which superimpose a rotational

shear, i.e., 8V/)z 0 0. Many tests were run motion on the basic flow. The observations are also

with inverted filter beds (foam material thicker similar to those of Freymuth (Ref. 15-7). In ai
above the shear region than below it) so as to experiment with a free air jet, he excited dis-

create negative shear, i.e., aV/ az - 0. The turbances in the high-shear region using

only effect of the change in sign of the shear acoustic waves. His smoke t -ices show a similar

was to reverse tLe :irculation of the vortices development pattern.

which formed in the breakdown rtsion.

The experimental and theoretical density Comparison with Criteria

)rofiles (Fig. 15-3) w-e. ailar over only a Figure 15-5 is a summary of the results and

portion of the shear layer. The reason for a comparison with Drazin's theoretical criterion.
this is that Pp/T is a strong function of Each flow condition at which waves were observed

water temperature, particularly at low tempera- is identified by a poii rn the plot of ad vs

tures (Fig. 15-2). Control of density in the Ri. The value of the wavelength used to compute

channel could be improved if provision were a was obtained from the dye trace photographs.

made to preheat all of the incoming water from The different symbl. in Fig. 15-5 denote dif-

its temperature in the main to pei aps 60 or ferent flow characteristics that were observed.

which only waves were observed; hat is, the

Breakdown of Flow waves ,xtended the entire length of the channel

Figure 15-4 illustrates the stages observed without transitioning to vortices. The wave-

as the flow in the shear yer breaks down. lengths of these waves ranged from about 3 to
There are four very distinct and repeatable 6 in. The flags shown on the open circle symbols
stages which occur; dye traces illustrating the in the symbol block indicate the nature of the

phenomenon are shown in the sko.eth and in the disturbances observed --- for example, "-'a

photographs. The photographs were taken through amplitude waves (such as those in Fig. 15-4(b))
the lucite side wall (Fig. 15-1): the flow is which perzisted, waves which seemed to grow in

from left to right, The scale appearing in the amplitude to a certain point and then not grow

photographs was immersed in the flow close to further as they progressed downstream, and waves

the dye traces, which appeared in the flow only intermittently.



The haid'-solid symbol denotes flow conditions (the latier criteria are based on numerical

at which the waves trensitioned to vortices but integration of the equations of motion rather
did not transition to turbulence before reach- than purely a lyticsl considerations). All of
ing the downstream end o the channel. The these critpria indicate flow stability for

full-solid symbol denotes flow conditions at Ri - 0.Z;,- The neutral boundaries on the ad
which the full sequence of events occurred --- vs Ri p' - differ somewhat, alth -gh for %.elocity
waves, vortices, and turbulence. The crosses profiles rcasonably similar to those of the
Nith the subscript "sw" indicate nonditions at experi:aets, none predict instabilities having

which no waves of the type associated with ad greater than about P. An example (fram
instability occurred, but at which standing, Ref. 15-9) is shown in Fig. 15-7. Hazel's
long-wavelength (12 to 24 in.), shear-gravity velocity pr- files (Fig. 15-7(a)) in this example
waves occurred. The crosses at the bottom of are nearly sinusoidal; they resemble the experi-
the plot indicate values of Ri at which no mental profile showr in Fig. 15-3(c). Pis den-
waves of any kind vere observed. sity profiles also differ from Drazin's, although

Most of voe observations are in reasonably most of the difference is outside of the shear

good ageement with Drazin's boundary. All layer. A comparison of Drazin's and Hazel's
cases &t which full transition was observed criteria is shown in Fig. 15-7(b). They both

fall in the unstable region. The four cases predict stability for Ri - 0.25. In addition,

which fall above the boundary and at Ri 0.25 Hazel's criterion indicates that somewhat
can b attributed to differences between the shorter wavelengths (larger values of ad) might
experimental velocity profile and Drazin's be observed in unstable flows having velocity

byerDolic tangent profile (this point is dis- profiles which differ significantly from the

cussed later). The intermittent waves indi- hyperbolic tangent profile. The data points
cated at Ri - 0.428 and the steady waves a+ oove the boundary in Fig. 15-5 might be in this
Ri = 0.38 are thus the only unexplainable category.
points.

The shear, (8V/Sz)o, appears to be the pri- Concluding Remarks

mary factor in determining whether or not the
initial waves transition to vortices and turbu- The experiments tend to confirm the theoretical

lence within the 120-in. length of the channel. criteria of Drazin and others. The theoretical

Figure 15-6 shows the locations at which waves, criteria of Hazel, which are for different
vortices, and turbulence were first observed, velocity and density profiles, are different
These data are for values of Ri between 0 and from Drazin's criterion only in that one night
0.25 (no trend with Ri could be seen in the expect to observe somewhat shorter wavelengths
data). The trend indicates that the distance in unstable shear layers. Drazin's boundary,
downstream at which waves were first discernible however, would be expected to provide reasonably

(Fig. 15-6(a)) varied inversely with the good estimates of the wavelengths that might
absolute value of the shear. This trend can occur. The experiments and all of the theories
be understood by considering the growth of indicate that 0.25 should be used as the critical
Helmholtz waves. If it is assumed that the Richardson number. Finally, as many as four or
amplitude of the initial upstream disturbance five wavelengths were often observed upstream of

is independent of the flow conuation and that the first discernible vortex; thus, it is rea-

the wave must grow to some minimm amplitude sonable to expect that several distinct wves
before ,L can be observed, then the amplitude might be observed in the isentropes when insta-

ratio at which waves will be observed will be bilities occur in atmospheric shear layers.
constant. This constant amplitude ratio,

according to the theory for Helmholtz waves (see APPLICATION TO ATMOSPHERIC
Hef. 15-8), will occur at a downstream distance SHEAR FLOWS

which varies inversely with the shear, as shown
in Fig. 15-6(a). Introduction

Curves have been drawn through the data in
Figs. 15-6(b) and (c) to illustrate the general It a well known that stratified shear layers
trenA-r Tt im fairly certain that most of the -naloos to those lnventleated in the water
open and half-solid symbols in Fig. 15-5 would channel are comon in both the ocean aid the
have been solid symbols (indicating complete atmosphere. For examle, in recent papers by

transition to turbulence) if the water channel Woods (Refs. 15-10 and 15-11), the results of

had been longer. The flow conditions at which in aitu studies of flows within the ocean's

intermittent waves were observed an exceptions. thermocline were reported. Woods made detailed

The mnaer or wvelengths which warm 6t-er-iid m of oM i.--4 a-"A +amy-at r ofiles
between the first discernible wave and the tur- in the thermocline. He fouma mny distinct
bulence varied with the shear. Four or five stable laora up to about 10 cm in thicAness in
distinct wavelengths often occurred upstream which the shear and/6r the temperature gradient

of the first vortex, were approximately constant. By releasing
Theoretical criteria for profiles othei than neutrally buoyant dye in certain of these layers,

Drazin's are discussed in Refs. 15-2 and 15-9 he was able to observe the flow characteristics.

1

_I _____ ____ ___,____ ___
"
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In some cases, the layrs uodorwent long-wave- toe following equation for the increte in shear
length undulating motions --- wavelengths up that occur. at the peak (see Fig. 15-8(a)) can
to about 30 meters and amplitudes up to abou be derived:
1.0 meter --- and the flow within the layers
appeared to Iransition to turbulence. Wood's
dye trace photographs of these tra.sition L NM n2]j'/vo) (15-3)
re-gj -are very similar to dye trace photo-

g-ap. f shear- ayer breakdowns observed in
the v iter channel. For flc..s in the atmospbere instead of the ocean$

Wcods pointed out that these breakdowns
w~.tin inllally stable layers were a direct NM = Brunt - Vitsai& frequency =

result of the long-wavelength undulating
motions. He used an equation he obtained from }.d
a theoretical develoment in Phillips (Ref. n - wave frequency = 2wV/9ALW
15-12) to show that, for 2ertain layer and lone.- (3T/z), d - adiabatic lapse rate, -2.98 x l0 3 dog

wave conditions, the change in shear which C/ft*
occurs within the layer as the flow approaches

a peak or trough of the long wave can cause This increase in shear is added to he initial
the local Richardson number to decrease below shear. An expression for the minitrum Richardson
Ri = 0.25. Hence, the flow becomes unstable. number (which occurs locally at the peak in the

Woods and other investigators have recognized extmple given but would occur at the trough if
that similar flow conditions could exist in the the initial shear were negative) is
atmosphere. Phillips (Ref. 15-12) and others
have discussed the fundamental mechanism. NO

Ludlam (Ref. 15-13) related certain types of i [I.V/6Z)oI + 40W,)f (15-4)
billow clouds and CAT to instabilities in shear
layers. Other investigators have made contribu-
tions which are indirectly related. Cne of the Since N2

M  _n2 under all conditions of interest
these is Haymond (Ref. 15-14); in WU-2 flights (this is only untrue for weakly stable lapse
in the stratosphere, he observed a correlation rates, i.e., when aT/k - (T/a)ad), the expres-

between CAT and layers having strong tempera- sion can be further simplIfied to
ture stratification. Another is Spiliane
(Ref. 15-1r who also noted a correlation ,
between stratospheric CAT over Wocmera in the RiIN P' r O
Australian desert and sharp, stable -- inks" in [ oi + Nm'(O/V)] (15-5)
the temperature profile. A third is Bardy
(Ref. 15-16) who has obtained radar returns
from trains of 1.0- to 3- or 4-n=i waves with From Eq. (15-5) it is evident that low values
associated smaller-scale turbulence in regions of RIWN are associated with large initial shears,
where aircraft were rep-rting CAT. Hardy has (OV/k) 0 ; with large long-wave amplitudes, a; and
also associated these waves with tb' breakdown with low winds, Vo . The effect of &T/ft on
of shear layers. RiMIN can be seen in Fig. 15-8(b). This figure

Analyses were conducted of several CAT cases is based on typical conditions under which mmin-
in which the mechanism might have occurred. tain lee waves are observed. The cwms show
Two of these are described in this section of the somewhat surprising result that the peater
the paper. the initial stability (i.e., the greater ST/k),

the lower RiM N will be. They also show that
Fundamentals of Flow slightly stable layers are not likely to bec

unstable unless the initial shear is large.
A scematic of the flow condition is shown

in Fig. 1.. ). At the left are shown upstream Wavelengths of Instabilities
wind and temperature profiles with a stable
zhear laytr rhving a thickncas 2d. tiA' ... 4 ....... rj' W.d LQ
layer, the mean wind is V? and the mean tempera- confirm the theoretical criteria of Drain knd
ture is TO; the shear is MV/az)o and the others. 7Th critical Richardson number of 0.25
environmental lapse rate is Fr/Bz. and Drazin's variation of ad with Ri for neutral

At the right in Fig. 15-8(a) is shown a por- stability (Fig. 15-5) was used to predict wave-
tion of a long-wavelength wave having an sup]- lengths that might occur when an instability
tude a (which might be 2,000 or 3,000 ft) and occurs in an atmospheric shear flow. These pre-
a wavelength ALW (which might be i0 or 23 nmi). dictions are shown in Fig. 15-9. Ran-es of
It is assumd in this analysis that the thick- unstable wavelengths (A in na) are shown a
ness of the shear layer, the mean tNwperature functions of the shear-layer thickness (2d in ft)
and the lapse rate all remain constant as the for local values of Ri between 0.25 wnd 0.
flow within the shear layer experienct..; the One can argue several different ways to reach
undulating motion. From Phillips (Ref. 15-12), the conclusion that, when an instability occurs,

* Note use of minus sign to denote temperature decreasing with increasing altitude.
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the a ivelength that will be observed will be Wind and temperature profi]ec for this case

(2A, VTJ 2d. One -vie int is that if are shown in Fia. 15-11. Two very stable layers
Ri - 0.25 at the peak of the lonr-wavelength are evident at altitudes near the 37,000-ft
wave, then the flow in the shear layer m4-. flisht level (Fig. 15-11(b)). The upper layer
have experienced Ri - 0.25 on the way up to the is approximately 2,600 ft thick; the Ricnardson
peak. Since instabl.Lt.y would occur at Ri = niuber was csJ ulated to be Rio = 77.6. The
0.25, the wavelength tha' would be seen would expected ws.velength from an instability in this
therefore correspond to that for Ri - 0.25, or layer is AE( = (21") .26,000 - 11,560 ft,
A- (2-/ • 2d. or 1.9 nmi. he shear is positive which would

All that can be said is that X- (2r/v -2d suggest that if an instability were to occur it
should provide a reasonable estimate of the would be near a peak of a lee wave instead of near
unstable wavelengths that can be expected. As a trough. The lower layer is approximately
shown in Fig. 15-9, the expected wavelength for 900 -1 thick an the corresponding expected wav.-
2d - 1,000 ft is 0.7 nmi, anu for 2d = 5,000 ft length is NE(2) = 0.7 amii. Te Richardson number
it is 3 .6 nm. Nicholls (Ref. 15-17), in for this layer is Rio = 8.7. The shear is nega-
analyses of his stratospheric lee-wave dta tive, so that an instability would be expected
over Li' snuthbestern U.S., kas consistently near a trough of a lee wave. These and other
found stable layers from 1,000 to 5,000 ft characteristics of the expected waves that will
thick with internal waves (as determined from be discussed subsequently are sumarized under
reconstructed isentropes) having wavelengths "California Case' in Table 15-I.
from 1.0 to 3 nmi. These observations are in If it is assumed that the radiosonde data are
very good agreement with the predictionL in representative of undisturbi co,ditions upstream
Fig. 15-9. of the mountain waves, then the minimum Richardson

number that would be expected to occur in the
Analyses of Cases stable layer is given by Eq. (15-4). This assumes

that the shear determined from the radiosonde
California Lee Wave Case profile, (OV/0z)o , is changed by an amount

During the winters of 1966-1967 and 1968-1969, A(aV/az) determined from Eq. (15-3) using the
Canberra and RB-57F flighLa were made over the observed long-wavelength characteristics from
southwestern U.S. to study stratoapheric waves Fig. 15-10 and the characteristics ox tne lodi-
s wjiu" , ... .... ....-- - V ,1 "l lay-,. flr" T-. Thua. for these
Certain of the aircraft and radiosonde data calculations the following were used with the
,ware transmitted to the author by Mr. J. M. appropriate dimensional units:
Nichlls of the British Meteorological Office ALW, a, To,
who ?articipated in these flights (Refs. 15-17 WEr 1=1 ft
and 15-18). All of the 1966-1967 data will be
published in Ref. 15-19. 1 17 3,500 -59.?

As noted previously, by reconstructing 2 17 3,500
isentrope. using radiosonde and aircraft ten-
erature measurements, Nicholls has found stable T/, Vo (/3 ),
layezs and small-wavelength internal waves in j r deg C/1,000 ft kts kts/l,000 ft
ay of his eases. CAT usually appeared in the
troughe of the long-waveleongth features down- 1 2.9 34 +2.0
strem of the smll internal waves. 2 2.6 55 -5.8

Figure 15-1 , which is based on a similar
figure provided by Nicholls, shove an ibentrope The results of theme calculations are shown in
for a flight near the San Bernardino Mountains Table 15-I under 'Ri)aN --- bued on&(8V/8)."
in Southern California at about 37,000 ft on It will be noted that the additional shear
February 3, 1967. The wind is from left to decreased the Richardson numbers greatly. 8trici
right (weat to east) in thn figure. According aplication of the criterion Rimin - 0.25 fo'
to Nicholls (Ref. 15-18): instabi ty lea s one to conclude that on iauta-

"The major peaks of the isentrope were fixed bility would not occur and, hence, small waves
relative to the mountains, and the inferred would be unlikely. However, the calculated value

steticnarity iilies the long-wavelength for one of the two layers (layer 1) is very close
features are representatite of moumtas-wave to the critical value. A sligt increase infretl an. The position of the wmouta sad shear - about 6% --- above that'estimated using
turbulence or the run and its reciprocal (which q. (15-3) would result Ln Ri" 0.25, in which
was on a par.lel track 10 mna to the north) cae weves would be likely.
ae clearly marked. Te wind direction was To obtain the mimia value of RiMajq that can
about 50 deg to the flight track rAd, assuming reasonably be derived fro a givw set of temper-

all peek and trough aes are normal to the wvid ature and velocity profiles, 26(/f) can be
direction, the true wvelengths would be Just used In E1q. (15-4) instead of i(M/as). The
shout one-half of them shown in the diagrm, reason for this is that, at le"t iu theory, the
i.e., about 0.9 mi for the wavelOts, with a difference in shear between a peak and a trough
mountain wave separation of about 15 r. i is 2(W/). In the %ilibely circtstaie that
turbulence and wavelets apeared to be r esent the radioonde was n, taken upstream in undus-
in the stable air brought do f 41,000 ft turbed air but Instead passed upward through a
tW the mountain wave." t (in the case o potiw (&Vf )o), then
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the change in shear would be 2,iMz). The characteristics of the expected ar41

The values of RiM1 N based on 2AkOV/&z) are observed waves are ri.arieA in Table 15--1
also shown in Table 15-!. For zoth ielyers, undr "Colorado Case." The layers have been
RiMlN was wnch less than 0.25. Thus, under the grouped accordi ng to their altitudes. The first
npecified condit .a, both of the layers would seven have mean altitudea betweeon 57,715 end
be classified as unstable and waves would be 67,195 ft and ozre associatod with the upper
expected. group of isentropes; the remaining five have

The principal results of this analysis 'an mean altitudes between 37,967 and. 47,112 ft
be seen upon examination of Table 15-I nd and are associated with the mi.ddle group of
Fig. 13-10. The calculations indicate that at isentropma.
least one wavelength should appear (AE(1) The principal results can be seen upon
1.9 nmi) and that a second might appear examination of Table 15-I and Fig. 15-12.
(XEJ2) - 0.7 nmi). The isentropes in ).g. Consider the upper group of isentropes first.
15- 0show several sets of small waves having The isentropea show a P stribution of observed
wavelengths quite close to the expected values. waves approximately as indicated in Table 75-I.
Moreowr, AE(l) = 1.9 nmi was expected near a Most of the waves are between about 0.8 ana
peak and the longest wave observed, AO - 1.5 2.3 nmi, with several between 4 and 5 nmi.
nmi, occurred downstream of a peak; similarly, These wavelengths agree well with the expected
AE(1) - 0.7 was expected in a trough and waves values except for XE(8) - 6.3 nmi and A()
having No = 0.9, 0.95, 1.2, and 1.3 nmi were 0.4 nmi. The potential temperature for the
all observed in a trough. Finally, it should latter layer was calculated to be 0- 483 K and,
be mentioned that the potential temperature judging by the potential temperatures shown in
for layer 2 was calculated to be 0. 334 K; Fig. 15-12, it is apparent that this layer did
this is very close to 0= 333 K, which is the not come low enough in altitude to be in the
isentrope shown in Fig. 15-10. The small region of the flights.
waves in this specific isentrope are evidence The mall waves and turbulence in the isen-
that layer 2 did in fact become unstable. tropes appear to start near the upstream peak

Nicholls has indicated that when stable lay- and to extend over at least the next two troughs
ers such as those shown in the temperatute pro- and peaks. As indicated in Table 15-I, the
file in Ft - 15-11(b) occur, they are clearly initial shears were both -ositive and negative
identif- in widely dispersed upstream so that the small waves would be expected at
scundir,6. Ie has observed the sae detailed peaks and also in troughs.
tc.*e-eture structure in as many as five It is also interesting to compar the middle
soundings spread out over se'eral hundred group of isentropes in Fig. 15-12 with the pre-
miles. The detailed velocity structure& "tw dictions. All five layers in this altitude
the same agitude shears but with more-or-less range w-re predicted to remain stable even under
random variations in the altitudes at which the moat pssmiitiu; of assuptions, i.e., using
they occur. 2A1V/f) in computing RiCN. No saa12 waves

ae indicate, in Fig. 15-12. Dr. Lilly has sub-
Colorodo Lee Wave Case sequently indicated that flights were met&

A similar analysis was conducted for a came through this region at four levels; no small
near Boulder, Colorado on febri,,ey 15, 196a. waves were observed in reducing the data, and
This case was documented by Dr. Douglas K. 'he pilots did not report turbulence.
Lilly of the National Center for Atmopheric
Research (Ref. 15-20). Additional data for Concluding Remarks
use in the present analysis were obtained frc
Dr. Lilly. The preceding results appear to confirm that

The iseantropes are shown in Fig. 15-12. very stable layers in the ataopbare can be
Three aircraft participated in the expe-imnt, destabilized by increases in shear caused by
and the three groups of isentrapes indi ate mountain %a Vaves. Moreover, it has 1" sho
the approxisate ranges of altitudes I% wiich that stability criteria such as that of Drauin
fiight4s we"read. The willa wasrrmz- Wwat iv Lii 6 "e id ti, iWiiclt '-'-cs of ~;'-"-
east (left to right), the approximate wavelengths that would occur,

Two raedosondee were use,: in this analysis. eand the locations of the sanl waves and turbu-
One was lunched at Oranby (Fig. 15-13(a) and lence.
(b)) which is upstream in the mountains approxi- This flow pheoa non undoubted1y 'curs at
mately 35 mi wst-northst of the Warsall all altitudes (not only in the stratosphere).
radar. The second was launched at Deever As indicated previously, billow clouds of the
(Jig. 15-13(c) and ()) which is downstream non-convective variety are frequent evidne c"
approximately 22 m southwest of the )hrsball the phenamenon occurring in the troposphere.
radar. *Ax highly stable layers were idanti- it need not be associated with orgraphic diteur-
fled in each of the two radiosonde temperature bances. Sear-gravity waves can be created
profiles. There is considerable similarity wherever a major inversion and strong win shear
between the two temperature profiles which were occur, such as Is often the cas at the tropo-
about 55 mi apart. nly laers 4 and 7 do pause. These waves have wavelengths ar 4 ampli-
not *ee to aear in both profiles. Layers tudes 1imilar to those of mountain waves and
which were subsequently found to be stable wte can cause similar increases in shear within
26(rJ/e) was used in computing R4LM we stable layers. The ]sncmaon can also occur
denoted by an asterisk. when stable layers flow over the tope of large
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A method of producing a low turbulence shear flow in a wind tunnel is
described. The shear flow had an almost linear velocity profile with the
ve'ocity near the root of the tunnel about 50% greater than that near the
floor. The turbulence level was about 0.5% based on the local mean
velocity.

Nhasurements were made of the wake of a flat plate normal to the flow
direction and spanning the wind tunnel such that the velocity varied along
the length of the plate. It was found that space correlations of the
velocity fluctuations in the wake were significantly different when the
plate was In a shear flow than when it was in a w.' form stream. Spectra
of the velocity fluctuations were measured at positions along the length
of the plate in the shear flow and it was found that the Strouhal numbers,
based c the local undis6vxbed free stream velocity, were approximately
constant over about half the plate length.

By comparing the signals from an array of hot wires behind the plate
a model of the vortex shedding is postulated.

L. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Tfhe Wake Characteristics of a Bluff body in a Shear Flow

byI

Cambridge University sagineering Department

Introduction

The characteristics of the wind near th, earth's surface may be
considered as being made up of a mean velocity profile varying with height
on top of which is superimposed turbulent fluctuations. Thus in studying
the forces on, and the flow around, objects in the earth's boundary layer
by means of models in a wind tunnel the properties of the earth's boundary
layer mst be correctly simulated and scaled. It has been shown by
Jensen and Franck (1965) that to predict, by mans of wind tunnel tests,
the mean pressure distribution on a house in the earth's boundary layer,
the roughness height of the wind tunnel boundary layer divided by the
height of the model must bc ...-1 - the same ratio fe- the ftll eta,#%
conditions. This means that for correct simulation the wind tunnel
boundary layer must grow naturally along the tunnel floor and this
inevitably requires a long working section. In Jensen's tunnel the length
of the working section is 7.5 a and a similar tunnel at the University of
Western Ontario (Davenport (1967)) has a length of 24.4 a.

Another method of simulating the earth's boundary layer is to
artificially produce a rough wall turbulent boundary layer by mans of a
barrier across the wind tunnel and a system of elliptic turbulence
generators. This method has been described by Counihan (1969) and shows
that a working section length of about five boundary layer heights is
required to produce the simulated flow.

It is desirable, in attempting to interpret the results from experiments
pe:-formed in a simulated atmospheric boundary layer, to differentiate between
the effects of turbulence and the effects of a moa-velocity gradient. It
therefore seems justifiable to carry out basic experiments on the etfeet of
turbulence on the flow around dAuff bodies aid separate experiments on the
effect of low turbulence shear flow around such bodies. Turbulence may be
generated in a wind tunnel by means of a uniform grid and the effect of
turbulence on the flow around a bluff body has been described by earman
(968).

There are many methods of producing a shear flow In a wind tunnel, most
of which involve putting across the flw some form of non-uniform grid. Aa
early method was that of Oven and Zienkilco (1957) who sed a system of
circular rods spanning the tunnel, the spacing of the rods being varied te
produce the required velocity profile. This method was subsequently used
by Gould et &l (1968) to develop shear flows for the study of the flow
around bluff bodies and by Wolf and Johnston (1966) to study the etfect of
non-uAiform entry conditions on the performance of diftusers. Another
method of producing a shear f!ow is by ucing honeycomb which has been out o
that it has a variable depth across the tunnel. The design of the hemeyeemb
shape has been described by Kotonsky (1966).

from the few measurements ovail&1ole it apeears that one of the drawbacks
of the method of producing a shear flow by means o m-uniformly spaced red*
is that inevitably high turbulence is also produced. For Instance, Go"ld
states that in his shear flow the level of turbulence wes about f% compard
with about 0.1% in a moderately well designed wind tunnel used for
aeronauticel research.

Another method of producing a shear flow is by using curved uniform
gauzes across the flow as described by 9ider (1959) and Davies (1957).
This is the method reported in this paper and was used sance it was thoagbt
that the turbulence levels would be significantly loss than when the shear
was generated by other methods. A review of other methods of produciag
shear flow has been given by Lawson (1968).

,i
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The production of a linear velocity profile

The method of Elder was used to design the shape of the curved gauze to
produce a linear velocity profile in the tunnel. The details of the
calculation are presented in the Appendix where an error Elder's analysis
is corrected and a different method of solving the final equation is
presented. This error has also been pointed out by Lau and Baines (1968)
and Turner (1969). The axes used to define the gauze shape and the
positions of the velocity traverses are shown In figure 1. The non-
dimensional gauze profile is shown on figure 2, the symbols used being
defined In the Appendix.

Two different gauzes were used, gauze I was 9.46 mesh/cm 29 svg and
gause 1I 7.88 mesh/cm and 28 avg. The gauze was placed at the beginning
of the working section of an open return low speed wind tunnel, the height
(() of the working section was 0.508 m and the width (b) was 0.71 m. The
velocity on the centre line of the tunnel was about 15.3 r/s.

Velocity traverses were made at various places in the working section
and the results for gauze I are shown on figure 3, the displacement effect
of the pitot tube is small in the cases considered here and has been
neglected. It may be seen that although there has been a fair amount of
shear developed the velooity proe 1i is far from linear. The gauze shape

was calculated for a value of the term Xi RB/A (see Appendix) of 9.9 which

for the gauzes used should have given a value of the velocity gradient

parameter A of 0.4. Three traverses are shown at x/t and s/t
positions of (1.2, 0), (1.8, 0) and (1.8, 0.3), the velocity profile at
(1.8, 0) is marginally better than that at (1.2, 0) and all further
traverses were made at this furthest downstream position. The model
described later in the paper was also mounted at this position.

Figure 4 shows results for the velocity traverse for gauze I. ,.1e
results are not greatly different from those for gauze I which is under-
standable since for both gauzes the factor U5 which occurs in the
expression for the gauae shape Is approximately the same The velocity
profile for gauze II, however, is rather more Irregular, probably due to
this gauze having a rather coarse mesh. For gauze I turbulence measurements
at position (1.8, 0) are shown in figure 5 where the percentage turbulence
is the root mean square of the fluctuation expressed as a percentage of the
local mean velocity.

The velocity prof,.lo generated was considered to be not cufficiently
linear and the gauze shape was modified, in an empirical fashion, In an
attempt to Increase the velocity gradient for y/d greater than 0.5. A
curved gauze produces a shear flow in two ways, firstly there Is a drop in
pressure aeross the gauze proportional t4 the square of the component of
velocity normal to the gaue and secondLy the velocity vector is turned, as
it passes through the gauso, in a direction towards the normal to the gauze.
It wao therefere decided to Increase the a)sle that the gause made with the
stream for Y/ > 0.S. This was done by multiplying the coordinate of the
San&e for y/t ) 0.5 by a fretor linear In y such that the factor ws
mity at y/C a 0.5 and 1.13 at y/C u 1. The modified shape is shown in
tigae. a.

Sauze I was fitted to this modified shape and the resulting velocity
distribution is shown in figure 6. It Is seen that the velocity profile is
meek ore noarAy linear and this modified gauze profile was used to generate
the *hear flew wod In the experisents described In the set section.

g !em of a bluff body L a eoor flew

Coonsidor the predietiln of the loads on a body placed near to ad behlad
a bluff body in a stream. Whethar the stream is uniform or net we may expoet
that the flow behind the bluff body will be usteady and that the loade on ay
bed downstream of It will depend upon meh quantities as the correlation

effieInt at the veoleitl es In the wake of the bluff body and any dominant
frqueney preset in the wake. It resolts presented haere re f rm a
prellimnary inestigation to &bow the dIffereneos between the wake of a blurt
body wbom the meaning flew ie unitrm and whea it has a velocity varying
along the length of the body.

'p

- _______



16-3

The bluff oody used was a flat plate, width . 0.0253 m, mounted in

the wi d tunnel as shown in figure 1. The plate spanned the tunnel, 1.h

tunnel heights downstream of the gauze and was s'bject to the shear flow
shown in figure 6. The flat plate is not at all representative of any
pra4-tical body but it does show the important characteristic of bluff bodies,

namely vortex shedding at moderate Reynolds numbers, with the advantage that
the separation point is fixed at th% edge of the plate. The Reyno.ds number
for all the tests were about 2 x 10' based upon the velocity at the centre of
the tunnel and the width of the plate.

Results

1. Correlation measurements

If the velocities measured at any two points are u1 and u2  then the1 2.
correlation coefficient R is For the measurement of the

4 correlation coefficients, two hot wires were placed in the wake of the plate,
the fi. d wire being 13.25 plate widths above the floor of the tunnel and at
certain values of x/d and z/d. The moveable hot wire was placed at the
same values of x/d and z/d but could be traversed dcwn from the position of
the fixed wire. Thus correlation coefficiets were measured along lines

parallel to the edges of the plate. The traverse- were made just outside
the edge of the wakes and the variations of the correlation coefficient with
wire spacing are shown in figures 7, 8 and 9 where r is the distance apart
of the probes. It is seen that when the upstream velocity is non-uniform
the correlation coefficient behind the plate is much lower than when the
upstream velocity I-s uniform. This indicAtes that the coherence of the
vortex shedding along the plate has somehow been disrupted by the presence
of shear in the upstream velocity profile.

2. Vortex shedding frequency

The Zrequency of vortex shedding from the plate was measured by taking
the signal from a hot wire positioned just outside the wake and passing it
through a narrow band frequency a.kaLysar. For the range of Iteynolds numbers
In the experiment the flat plate in a uniform flow gave a Strouhal number
fd/u where f is the frequency and u the uniform free stream velocity, of
0.153. It was found that when the plat tas in the shear flow the
frequency of vortex shedding varied along the length of the plate such that
the higher frequencies were measured where the free stream velocity was also
high. If the local Strouhal numbor at a height y from the tunnel floor is

defined as the ratio of the measured frequency at that height multiplied by
the plate width and divided by the velocity at height y in the upstream
shear flow, it was found that over a considerable length of the plate the
local Strouhal number was approximately constant. This is shown in figure
10. If the shedding frequency had be*n constant along the length of the
plate the ratio of the local Strouhal numbers at the points y/d equals
0.8 sad 0.4 would have been 0.86 whereas the ratio actually measured is t.9

6
.

Ia aorder to explain the change in correlation in the wake of the plate
whoa a shear flw is upstream of the plate, the outputs fro. four hot-wire
probes were recorded on an ultra-violet galvanometer rerorder, the probes
were placed Just oetside the wake in a line parallel to one side of the
plate an# about 3.5 plate widths downstream of It. In all cases probe I
was fixad 0.40 above the tunnel floor, the spacing between the probes could
be varied.

Figure 11 shoews the traces from the four hot wires for the case where
thero is no shear present in the upstream flow. It can be seen that, whilst
there is some irregularity in the individual traces, in general the tons
outputs are in phase leading to a fairly high correlation coefficient.
This Is, however, not the case when the upstream flow contains soe shear.
figures 12, 13 and It show traces from the hot wires when shear is present
and these in4iate that In this case tht shedding of vortices is Irregular
leading to low correlation coefficients.



Consider figure 121 at the beginning of section A of the record the
traces from the hot wires are in phase but by the end of that section, which
has occupied O,ls, there have been 5 1/3 cycles of oscillation on trace I
and 6 1/3 cycles of oscillation on traces 3 and 4. A disturbance is evident
on trace 3 at the end of section A and this appears to propagate onto trace 3
such that at the beginning of section B there is a disturbance being
simultaneously recorded on trace& 2 and 3 with some distortion at the same
tim4 on trace 14 Thare is then in the middle of section B a period of about
two cycles where the traces are fairly regular and then another period of
4itturbarci appears on traces 1 and 2 at the beginning of section C. This
is followad by a regular oscillation and at the end of section C the
oscillattin on all traces is approximately in phase. It therefore appears
that the regular shedding of vortices is interrupted by some form of
disturbance which propagate* at right angleas to tho flow direction and that
this disturbance is followed by Prther regular shedding along the plate
bringing the signals on the hot wires oack into phase.

In figure 13 the disturbenco can also be seen. At the beginning of
section A all four traces are in phase but due to the frequencies being
different, by -he end of that section we have traces 1 and 2 in phase and
3 and 4 in phase but the pairs are 180 degrees out of phasO. A disturbance
then appears on trace 1 and very quickly affec" trace 2. It seems to move
across the flow direction affecting trace 3 by th, middle of section B and
finally showing up on trace 4 about two thirds of the way acroas section B.
At the begimning of section C, afts: the passage of the disturbance, the
traces tre almost in phase but by tho end of tho section they are once again
becoming out of phase,

Some more evidence that the disturbance propagAtes across the flow is
sho-  on figure 14. There is a sign of the disturbance on trace I at the
beginning of section A and can be seen on tract 2 oli htly later and pro-
gressively on trace 3 until it has reached traca 4 at the end of sention A.
This record also shows that the disturbance may be sometimes fairly localised.
Foi iustance in section B it only appears on trace 2 and in section C only on
trace 3 with no evidence of further propagation across the flow.

An attempt was made to visualise the flow in a low speed tunnel by
means of smoke injected into the flow. The shear profile was generated in
this tunnel by meana of shaped honeycomb and the mean velocity was about
2 m/s, The workng section of the tunnel is shown in figure 15(a), at the
bottom is the honeycomb with the flow vertically upwarda, tlhe highest velocity
being on the right of the photograph. The model shown An figure 17 is a
circular cylinder and the smoke is emitted from a slot cut in the cylinder.
Figure 15(a) shows intense skewing of the vortica wth the Oetachment point
or the vortices moving along the length of the cyllnder. In this figure the
vortex shedding appears to be regular and hot-wire probeu mounted parallil to
the cylinder axis would r,4ord signals of almost the same frequency but not
necessarily in phase. There is also some evidence of the vartices distortiPg
into vortex loops or horseshoe vortices. There is also evidence of these
vortex loops in figure 15(o) and here the vortex shedding is much more
confused. Considering, on the left of this figur, the first fully formed
vortex nearest the cylinder it appears, moving across the figure to the
ight, that this vortex splits into two skew vortices about a third of -he way
along the cylinder. Thera is a discontinuity in the slope of the vortex
lines ard this discontinuity may be the disturbance showing up in thG hot wire
traces of figures 12, 1) and 14.

An oven more confused flow is seen in figure 15(c) where there are a
large number of discontinuities in the vortices and more evidence of the
vor-tex loops.

It soeve, therefor-, that in general vortex linos are formed which may
join up into a single vo'tex lilne. This position of the joining up of the
vortex lines noveas along the plite causing the disturbance recorded on the
hut wires aM the lack of correlation along the length of the plate A
oihilar phennaina has been f-ind by Gaster (1969) where he investigated the
flow in the wake of a cornical cylinder whose axis was normal to a uniform
flow.
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Conclusions

It has been shown that the presence of an upoea- shear flow can
drastically alter the wake flow of a bluff body ao as to reduce the
correlation coefficient in the wake. The vor":ex shedding from the body
is altered in such a way as to make the local Streuhal nuber along the
body constant, the dominant frequencies in the wake thus rarying alone the
length of the body.

It is therefore clear that in investigating the flow past a complex
arrangement of bluff bodies in the earth's boundary layer, where the effects
of the wake of one body on the load on another body are important, the mean
velocity shear characteristics of the earth's boundary layer must be
correctly simulated.
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Starting with Elder's original equations (2.5., (2.6) and (2-7) and

using his notation

q a u - con n u - o Cos nw (2.3)n

ST . [(IB)P + in(.6)

u - u4 - T(q - 1) ( 0. (2.7)

and taking the case of a uniform gauze with a - 0 and hence Y -

consider the production of a linear velocity profile u* - 1 (y/1 -

where u - I (i.e upstream of the gauze the flow is uniform).

Then from equations (2.5) and (2.7)

w 2 = p coo nw.1

expanding (_ - as a Pourier eeriea

Vl - V- con 3v 5 .. .1
L * 2 32 5 52

Pn 1
L Tn2 n2Jn odd

from (2.5)

2 ne

(1 + Y) Pn coo nw.n

Now in (2.6)

BTa (2 + Y - B)Pn sin nw* I I

P sin nw where = Y/(2 + Y - B)n

Therefore 3Bx- P sin nw dy

n0

1 n

substituting for Pn

ZINO (am + 0 m=O (am + 113

The first twenty terms of the series have been computed and the
resulting gauze shape is plotted on figure 2.
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- S OMNA I Rg -

Ctte recherche concerns ls aicanimoss physiques I petits dcholle dee tramafsrta do
ms., do questitd do am smat at dmrgla antre Us couche do surface de 1 'atm b d, aot lee
ocdaaa . Litue do lots gouvneraut ceo dchanges met en ALdmc. carteal= facteur, dent I
reproduction ou laboratoire persettra une sltlatlo pattielle doe pbda 4ies natural$.

LA dispoeitif projeti eat um scufflart air-sau pe msctant dobtaslr am coAchn
Uis lurbulante dOiserface do 40 a. do loaguur, an contrelast : vitee", tempdratera et
hualditt do 1 oir ; vitaeo., tsedraure at €oup .tiou do lbau ; pr4turibhu do viteese at
do tomprature ; stratificatom ; mvemats do 11interface ; couches liulte parasltes dmn 1
vet... We mquette a 1'4challe 1/5 at utills4e pour v6riler at a41iorer lee cractdrtstiques
at mttnr ou point Is techniques do assures.

- S U X NA IU -

DKSIGN Of A 11WKL FM0 AL-*JdFWA-=ANS DIACTIWIS U& AM

This research concerns the smll-ocal physeal mcho nies of mess, mometm and
energy transfero, between the amoepheric surface layer sd the ocesa. A critical survey of the
lawe governing thee. achago outline sam pearmtcer the reproduction of which at labora-
tory scale will Maobl a partial sliulation of the natural phooomme.

The equipmot doeipod is a viwd-water tuneml istesa4 to give a 40 mears long
trb-leamt interface boundary layer, with control of air velocity, temperature and hbmsdity
wter velocity, tprmture adA chemical ca" ptliao praturbulace of velocity and toero-
ture ; stratification ; lterface meion ; tunel wells boundary layers. A e fifth seal. md4l
is beit wed. to check e0 lprews the perfoua and to test the msuremac techsiques.
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A produ'ct ion do turbulenceo #or I* travail des forces d 'Archimbdo

a' duorgig tindtiquc do Is turbulence

CPO Q P chalour spielfique h preegame contants do lair hwuide, do Is vapour d'oau

CIU Age des vague.s

F wr f'V humiditd apdcifique

£acedldration do Is peaantout

H amplitude significative des valus

I, Is Is. go I1 onthalpie, do'ir hw.~is, dol'eau, lsu

onthalpie latent.

K re coefficient do conductibiiitA thormique moldcilairt, radiative

L taux do traasfort d'eathalpio latonto

S chalour latent* do vaporisation do l'oau

A v parts do charge total* do is soufflorlo

pfluctuation turbulonto do proasion

qo , flux radiatif do potite lonpzour d'ond, do grand* idaguour d'ondo

Rat Ah constant 's l'dquation d'Stat pour l'air humide, ,our l'air see, pour Is
vapour d'oau

Af Z'f nambre do Richardson do flux usal, Sdndralisd

A u nubro do Reynolds dans Is veine d'ossaia =962-M&.

S , S' taux do transfort d'onthalpis sensible done l'air, dana l'sau

t temps

U, V, V composmato horirontals, tranovorarlo, votticale do Is vitosmo

U + U. Vv -V, '

U0  vitae&* soyeono A a wortio du colloctsur

C, OY, 0Z axt horisontal, transversal, vertical

zo hauteur do I& veins d'esaais

6 dpaisseur do Couch* I Wito

t b coefficient nanou~trique do bus*

mass* p* 'cP que do l'air humid*, do lair see, do l'oau, do la vapour

JA coefficient do viacositd moldculaire

coefficient do viacosttd cindmatique

4.~9 fonction do disipation dona Is nouvement moyon, on uoyonno done 1s mouvement,

turbulent

X coufficlout swaen d'abaorption du rayonnouent do petite longuour dondg done l'sau

tomiraur loae do r~dea do l'eau, do Peroi, valour moyanne

-....----.-.-.- f-done----&--------.d..... ......
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I ITIODUCION.-

7A coaeuisanca du adcauhamm des doavgos 4 'Esmegie asars 2 ataos~Mn at I" end"
eat d'un Latirlt ajour pour Ia mdtdorolog~e asi bies qua pour 1'ocasaraphias. On tacU as
mufst oujourE 'hul quoa"m daux uileux doivomt Stre corns iddrd calm saatitsut us amlI
systmm, car I 'dvolution dynawqum at thermodynmiqum do oacun d 'mitr mam d~poad da me
largek umaure m" Litaraetions quL a 'suercant A travere tout froutihts agooe.

Mloc quo to prob1bw daLv. Stre trait&it& diffirocros Ecbollaa, ltude do Is rgInAU
a itude A praxlait& do 1 'ictarface samble priseattr un Lat4rot tout particullor. Cleat mn eliot
dens cc - o maca quo no ddveloppant lom phdambmso rospousablas dma Achagma at dam trainafea-
tiae des divoes formas do I'dnergie loraqum lon pase* dlus milieu A 1'autra. JA compfbeaiem
du ifcucamm phymique dms processus a pecite ichelle dout Lea couch.. dlair at d'eau vofaIno.
do lVlnterface mont 1. sigge, cocatitue donc uno dtapsasemmetiollo damIsa smolution du problbm
dms interact ion. atmosphera-ocdaao

LAm itudom axpdrimentalam adcsaLres prieteat des difficultdo cartamom : ii faut
on mffet explorer do fagou ditai~de, on prooddact i des meaurs do grandeur& w~youmaa at
fltxctuantmm relativmect ddflicatem at complexe. usenon ca Eat 1 'doum varticam oat Em 1 'ordre
do I& hauteur des vague. ; par aillourit, 11 marait souhaitable do pouvoir fairs varier luddpeow
domnt lea diffdrmots psamAtres, aiim dlmc uioux mipaerr let effete. *or la expdrismcea
offectudes mn mot supportent des contraloteso n svLrcrneamt quL llatent odceamairamwt Is
fluxs*. des ummurom at mout de plus nouminee aut conditions nlcrandtiorologlques, du moment qi
as scuralact Atre contr~lmo at quL lam readout difficLlemot ripdtables. 11 at doul; apparu
Indispensable do compldter La mnuresg dona I& nature par dam uxpdrLancao offactudmsa u
laboratoire, dens dos conditions 'ion contr~ldom, do fagoc I pouvoir procdr A das explorationa
complke., rdpitablos at priom, desm ncaniumm foudauentaux das dobanges mu voimago ds
1'interface. Cleat IA Im prograis dout 1'I.H.S.T. a entrepria l'sxicution an 1965, & I&a mca
Eu Comitt do Rmcherchms Atophdriques do I& D.G.R.S.T-, at dont nous prdotom Lid qu6lques-
uns des premiers rdaultato.

Le premier objectif d'un tal travail eat on offet Is rdallaatLoin d'uo Installation
do laboratoire oO Los expirioncas soot significativem, cleat A dire qul "smure, dons 'me
certaina mesurs, ---Amlatioc des phdnowlnem naturel&. Pour ddf lair catte Installation, 11 faut
on premier lieu itudier la diffirentm procesmus phytiques remponsablam des interactions ocdans-
atmosph~re at prdcismr le* dquations qui Ion gouvernact. Cool parmat alarm d'ldetlfier Is#
facteure la plus importantm, quill #era ndcosaaire do roproduirm au laboratoire, at Eo ddtermi-
or la games Eo variation quill faudra pouvoir Imposer aux prlncipalas variable. pour qua la
paramitrem caractirimtiques dm VmxpirLance pommldent dem valeurm coavamablos. Compte tmcu dos
contraintem pratiquem, ii smbig possible do parvenir, aLuon A una vdritable similitude, du
moins A uno smulation partlallm dos fchangesmnaturals. Non vorroum quillam seat la conditions
4 ramplir pour atteindre ce but at pt.3anterons lax solutions techniques adoptdem A cmtte fin.
StIant dan Ilimportmnce at la nouveautd do l'ioatallatlon prdvum, doe 6tudma mur maquatte A
dchalle riduite ant Eti offectudesa t oat patois d'mmlloror meniblement la performacesm
qulaurait suem una scuff loris correspondent au projat initial.

Ce travail a pu Itra offmctud Srica 4 l'appul dlun certain nombra dlorgaolsomm, A qul
noum ;enonsm exprimar ici notrm gratitude, qul s'adresso tout partlculllroent A & LaDdldgation
Gdndral. in Is Acherchm Scientifiquo at Technique, pour Is* conventions de recherche@
N' 6j Pit 133 et N' 67 CX) 9371 et mu Contra National pour l'Zxploitatioc dem Ocians, pour La
convention Em recharcham No 69/66, at igalamat ai 1'O.N.3.LA., A Im D.RJ..., au C.N.R.S., at
A plumiourm autres mencoe pour lour aide off icaco. Maui voulons Egaloeot ssmurer de cotro
reconnaismance lea nombrausem persounalitds sciontifiquem, tact frangaism quiEtrangires, qul
ot bio voulu nous faire bindficr e laure conmelm, at tout spdc&Iaamsnt Monsieur Is
Profamur LACO2IBJ, Dirocteur Eu LAboratoiro d'Ocianographie Physique Eu Modum National
d'HLatoire Naturalle, pour VL'ade at la encouragmment$ quill none a conmtameoot prodiguim.
Naum mauhaitona mci in romerciar tons coux qul out participd I l'EtablLasoment Eu projet do
lliotallation do imulation d~es inteactions atmosphbr-ociaom at quL collaboreot actuallamat
a ma construction.

2 - R6CANISMS3 PHYSIQUES5 DES SCHANG&S D'ENBROIE OMMA-ATMOSPIKRY.-
.0....U.A.. .. nnwa... ... Wn....... f l

2.*1 * Lam aggill 2rocemuo foodMautaux

L'essentlel des Echanges duemrgLe entre Ilamosphbre at la ocian. o'effectue par 1.
jou das quatra procemmus muivanta

a) LA traumfart do chalmur par rayonnment :lI rayonoent Em court* longumur dead.
d'oriL&Le molaire, aliment* an ieorgLa lenmmmblo du mysthume. Travercact pratiquamont
nomn absorption I& coucha atmosphdriquo comsiddrie, 11 mint an partia rdf ldchi 1
Il'ntorfaco et,pour 1@ reae, abmorbd par la premierm mltrem do I& mamme cdanique.
?ar aLileura, Is rayonnoemmnt do graude longuour d'ond*o pirm u ticranafort radLatif
ddnmrgim entre la surface liquids, la couchms eupdrimures do 1'atmosphbre at
Il'epaca. Ca tracefort entratne a gdn~ral un refroidiment localimi A Il'iterfaco
at pourralt Egalement, dane llhypothboo d'ucm divergence apprdciable du flux4
correspondant, codifier Ion dchangen tharmiquas dans Ia couch. do surface do
I 'atmosphire.
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b) JA tranafort do vapour d'sau at dlenthaipis latent.. L'hnuiitd apdcifiquo satutrants
au aiveau do I'utrface dtant on SduAral diffdrsnto do lbumiditd apdaifiquo do Vi~or
des baa... couceso, tin procoocus d'dvaporstion (ou do condensation) at do tranafert
par convecti.;z ot diffusion ucldoulairo ot turbulanto a 'dtablit. Cohupte toxn do Isa
valour dlowdo do lIa ohelour latent. do vaporisation do 1 'oa, ce procosatia entralL- tin
Isaportant tranafort d'anthslpio ontro 1'oedaxi, k qu il oI,%st oupruntd. sous Is forms
saoibla, ot I'stmosphbkro, A qui silo got apportde sous la forums latent*.

a) us transfort d'eathalpio sensible. Les 6carts do teoraturo an asin du systm
provoquont dos trasaforts d'onthalpie sensible d'un point I 1'autre. par coavoction
at diffusion uuliculuiro ot turbulent*.

d) Wa trafort d 'doorgie mdoonique. 11 a 'offoctue 1. plus acuvent do I 'ot. pbre vera
l'aodn. A l'Scbolle comaiddrde 1.1, I a pour offet, d'n part Is formation do
couches limito" turbulentoo dyamque. dons lair at dana 11ou, ot d'autro port I&
SA26ration dos vagues & surface do lsawar.

2.2. 1& r~le do )a turbuJonco

Dou paint do vuo doa qumntitdo d'dnergioMe a a n Jeu, 10 roawisnmant ot l'IobaWa do
vapour d 'osu apparaLsont come, prdponddrantsa 1 'Cabsug do chalour senaibla dtant nottomnt PV-
foible at colui dduargio mconique ndgigaable. 11 n'on faudrait pas pour autant conclure quo a*
doraior procemona oat dium intwIrt sooon'al.o. 3n of Lot, I* taus dos tohangas do chalour ot
d'husulitd oeitro ludan at 1'atmospblre dapead asentiailmant do lous mouvemonts moysaw ot tur~vu-
louts dont 1s, structure oat all*mb gouverudo on premien liou par lee ichangs udocaniquem
(vain PMUISY (1959), ULY ot PANI7IC4 (1964), NNW at YAQLON (1966) ). Ainijs conservation
do I& vapour doen ot colis de Vonthalplo obisoont, dana Io couch* do surface d'n AtV1A,,4&rG
stratitiie. sun 6quaticns ucyonno. suivanto. (vein, par eame~p COANTIC C969))

IF F1

dosleqola o ors o rnfoLprlatrulno YT , * otd'a mprac
prpadrno.O .. tms ~o~in aanillot npocsu ucnqtoql.s omot

doec tnctlyor~1 4r d esebod. oegs nrdtqo en icDt~,l

nivoouO paWsba o1 ublno

dana louanollo l e parasdotranon L panr Ir qruence is w form sosb o n weiprac

prpodan. 1r hcathrs d 'ti n t 4sbne pllomnt du pooppd", o goaiu &di en comporets
done towme. dodvoctienit Inergi doat'traafdrdes uiozhwSe drecti eras, par 1. contrl do
proosn a)rI b), ), do. torbulce. ien c si

2.3nr .r lamesn donLMs otuogpb1ro am do. f ine ti s de ptt otu d granios

- or1 Caofn adna 1olsmt por'ocian1nhapeuyweqicnsiu lssnild

-b Vour 1. trausensit dhipo lotonto :aene

__ [C (7)-7) X



Po1ur It transfart d'eathalpie sanhs.be, dane ltuoapbr. at dams 10odan

S~ k F4.w'

r=-jw (9)

Lliotdiration do 116quation do conservation do 1'dnargis pormet alors d'dtablir Is
relation Itobale (CC COAJNTIC (1968)

1 + L +Q S ' +d Of-Cte. (10)
C~tte dquation findamentale, qu'illustre Isa Figure 1, traduit I&a conservation du tlux total
41dnorgia t~n(frd entri l.'ataaphire at Ilocdan. go plus du r~le joud par I&a turbulaws, alle
act clairemant 4,n Ividence lla fait quo lee toe sous Ieequellee apparatt ldaergia at I*&
udcaunis per leaquals all., eat tv*nstdrde changent h lI& traverade do !'interface. C0apto tema
du bilan global at des uandtions pour lea diverses variables out I&a lintite cmme, lee tcre
modes do tranfltert apparaissant donec ome intmement lids.

81. nou ravenous %pr~sent mus autres tormes do 1 inergi., at an part iculiar a
1 4uezlie cindtiqu. moaenne correspondent aux divers amments, nowc voycAt apparattre dam leax
dquat io,ts, non soulooleut des terms do transtert, mis enwore de. term' i do product ion at do
dissi.pation qut traduisent doe transformetiona directas, su main do chacum dei, data phace.,
d'une torm it un autre do 1Ilnergie. Ainsi, pour l'dnergie do Isa urbulo'nce danta 'ataybbre,
11 vient

2. Z

quil montre qua I* niveau do turbulence d~pend ici, d'une part des micaoisms classiques do pro-
duction, P a I partir du mouvomant ayan at do dissipation, "? , on ch'aaour, et d'nutre part
du travail des forces d 'ARIIDD, A , qui ottectue use "production" positive ok. nigative do
turbulence aux dipans do leonthalpi. sensible. Clat do Isa valemur du nombre do RIM1iAMOQ
860draliei

quo dlpandrout 1.t niveaus at Is structure de mouvements turbulents, at done, en difinitive,
Va'nsemble dos Echange. 6tudida.

In conclusion, lnteraction entre lea divers procosus do tranatert paratt consti-
tuzr l'un des tactours essentials du problkma des Echanges diAnargie entre latmophirs at Ien
oc~ans, dont los divers aspects ns sauraiont doac Itre Etudids isolduent.

2.4. 1&* nouvowents do I'Interface

La surface do l'ocdan met animide do mouvamuts compexea qui entratnent un couplago
entre loe pvocassus wicaniques doe l'air at done Ileau at moditient donc Isa structure turbu-
lenta do coo deux milieux at lee adcanisass do transtart dnergie dent ile @out 1s sibga.

go par.' 'br, suivant le valeurs relative@ do I&a odldritd do propagation des
vagues at do lI& vitoses du vent, 1'ioportance respective des tensions do 0-1.....angentiallea
at des forces do pression normales dane 1. transtert do quantitd do mouve... Air I 1'.au
pout varier dane des proportions considdrables. La aecond mode d'dchage n'ay... s son Equi-
valent pour l'enthalpie ca I& vapour d'esu, 1* degrd do similitude entre lem dfittrents
proceseve do tranatert eat aentiollemot variable. Las thdories olasiques d'analosie do
MYNOLDS no pourront donc vraiseaiblablinet pas Itre vdritides au voisinago do l'Laterace et
wae Etude approtcnwia du mioaniame dynamique done cette r~gion et ndcessaire ai Ilan veut
parvenir I y d~terminer lea tamx do tranafort des variables ucalaires.



iswts o is tdaur ot maibopidi des de'air, s na u l , vIts@ otue dolbrao

la oe, IstmrtueaelhoAt d r antddquo svot~a at I& hslorotdcucse
*atso em offoctivemant mis an Jeu. De u *polm ie d~icl dAdu
judts$niiu certain, il at dlali 4 'prbs15 u t dtpu atqo e xd~ne

elfecu~esme o ront2 lement oignificat twos via i e cag .an~topboqodn
I& mureob Is toijfacteurs part iculiae quo cnttetI tutr ubln*d

Ilatmgbir, Useffete d. I&s trstificatioa at lamueat oILtrae*vn erd~s
au oin patielemnt.Ceci paralt possible, h condition do rialiser Una installation do diman-

alsta muff isamt ramdos at d'odopter cortaino&spstosatcuhe.

3,2 i~ cocholimit* dwnmaieu. at is teoducjtioa do I& structure turbulonto do

I& rdpertiticn des vitesmos ot I& structure turbulonto do is aqucho do surface do
1'stmosp~ro prisontont, @camen I* 1. alt, uno 6traits analogie evac colia& do ia rigion Interne
do Is coucho limts cr440 our sans plaque plas plus ou moins ruguses. Cc fait eat mis I profit,
deruis un certain nosbro d'amdsis, pour Is rialisstion do scuff leoe do aimalation atuosphi-
rique, ou "tunnls micromitiorologiques", destinies notamment A des ttudos do diffusion (voir,
par omomple, P000K (1960),* PIAU ot CNh&K (1963), UA1Y (1968) ). L'Ecouloment atmoophiriqu,%
eat csractdrisA, O use part par dos veiours extrimmnt Slevios du nombro 4o Reynolds, 4 'sutro
part par das effete ds stratification dipeadant du nowibrc do Richardson. Uno similitude satis-
faisat me pourra Itre attointe au laboratoire quo &i coo paramtres consmrvent des velours
oeebies , or, pour attoindra dos nombree do Richacdoon &levis, ii eat ndcessairo de crier

dos 6arts do doasitd, et done do tempirsture, suff isants tout an ranonant I& vitosso d 'dcuiomnt
a la valour Is plus foible possible ; per consdquent, pour quo Uo nomabre do ataynolds coaserve
mlWg ,*soI - valour suffisment Important* et pour quo los effete cumuatifa do Is stretifi-
ectim paisnt Stre dcelds, 11 st vicossaino do rialisor dos Installations do grandes

* dln'ioes.Dos conclusions analogues sat obtonuos ii Ilea s intirosse I& similitude dos
* I proftlie do vitosmeo n foact ice des heuteurs 6quivalontes do rugos itG ou des lnguours do

MUUOUWV, on ai les considie ao dchelles relatives quo doivont poesder lea gros tour-
bIlloms portents d'ergie et lea petits tourbilloma responsablos do Is dissipation pour quo le
prooessus do cascadddorgi dcrit per 1WUIGORUV pubice sldtabIir dans un domain. apprdcieble

Uvae des scuff lonie do simulation atmsplidrique attoint ainsi. aswen cournt

plusiours disainos do mitre: do loaguour, let lea Scant: do toupirsturo quL y sont erdds

l'ordr do 1 & 2 m./s. La longueur do voic. adopteo iei eat do 40 mitre&, lea *carts wezima do
templrsture ot d'bhadd sent fix~s & 30*C et 25.10'3 kg. desau/k. d'sir at I& gm do vitossos
Prwvue o'Stand do I1& 14 a./a. Un calcul approchd des caroctiristiquos do catto Installation a
Sd offeotui, fit cael=in des rdoultate &oat pr~sentS. our I& figure 2, mettome on &videaco I&
largoo s do variation dos paramitres sans dimens ions qu' iI sera possible 4 'y cauvrir.

3 a. I&A touce lio do tonwirsture a& dhumidIti. at I& reproduction des
11maow ao obisr tdomo

$I I& structure turbulente do I 'ScoulementeaOt satisfaisante, I* fait do order u
den de tompirsture ostre l'Soulmsat Weair St I& aspi liquids prowoqu l'opWrtio d'uoo
soothe WUe tbcamiquo ot do ramsfortc turbulents dlomthelpio sensible qul, dam Is C41401
Wntovu do Isa cucee limits, prdseatoot uso boom. similitude aon coun quo 1'.., roener dan.
I& ooagha do surface do l'stopbtre. 11 on eat do aft pour le tramefort turbualent do vapour
4'es om crIls5f un Sen onto IlbuIdIt4 spficifique du courant dlair at l'bumWIitd opdeifique

sotunono & is urfac, do I'ou.

Lee Equtinm gooveomet csc tronsfonts tant lindairos via & vie des variables
sospfrturo ot husiditS, 1. dogr do acimlatton Aos phdoees saturels at indipeadeat dos
#onzto oxde, quI poeaen dose Stro fixds sam velours comveeamt loslot. A l'outia, dos
M*qvrWw. *Coot *last, ehidernemt, volable quo doas is esure a& lee vartables sosisines
poes Ste offeiwvms eamoMMddk o e do coo~mte posi, o'ost i dive dome Is

fbi. U fesoto do a. o beodom 416M o 'e sie attoIr, Us dofts aier Steuv~ddi
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rslativomsnt importantes do 1'ordrs do 310C et 23 Sr. dlau/k. dWait. La. effete Gas delbps
naturals d 'dorgie rdaultant du raymnemmant paraseent pouvoir ke repraouhts on pwoS"
approximation au laboratoire. A 11'challs ousslddrde Let, U.vposm d'.riias eblo a
pour conadquenoo principals us dolauffemant global do I&a amess odmdqus ot to ohmufs 4. 3A
nappe liquids on coastitus tm simulation acceptable. Is probibas du wimmna do plus Pandes
loaguours d'sds eat plus. cmplas, an ralama do I&a posslbIlItS d'uns divszmm.s ams Uglable
du flux radiatif dana Ie bases cuch".sa sa Ilffot essential eat gimixalmat us retwait do
chelour localiad our l'iaterfaco all-.. I& rofroidiasmat do cotto now surface par mte
do Ilvaporation joust. done umn r~le oa-a&~. U0" reproductioa plus direcs, at 1mdd;enaLts,
des &changes radiatifa do grandos lanpiours dlodos a"r rdaliade por ailluaro, an aglassat
our U tempirature do Isa petal supdriouro do U. voins d'euxpriewnAm, at dome sur ldmsrgio
dchangdo par rayasosat ontre cotte peroi at lIa surface do Isa nappe liquids.

3.4. La roaroduatlon des uv t dolInterface

L'obtntioa, all iaboratoiro, do vague. posaddart dos caractdriatiques statiatiqus
somblablas A @*oles des vagus ongoodrdes dams Umaturo a folt llobjot, ssa demnibrowead"s,
d 'u sa n'bro appriciablo do travaux dout 10 but dtait, sat do paoon ir & offoctuar do. *saaia
techniques risliemoa siiflcatifa. molt do procdder A U vdrificatiom .apimtale des thisris
do U gindratica do PHILLIPS ot do MMl. Maus citerons, peala d'autres, VEnAl (1963), MYI at
PUTS (1965),* GUPTA (1966), 1.. travoaux du VA291LOOPKMIIG IABMTOIXUM (1966 sob), 001l..
(1966).* Afts do parvenir a use siulation satistaianto dos vague. diasynitriqums, Ireguliwe
at trl-dasnsiusnsllos quo Ilan roncoatre damn lI& nature, 11 oat nicoasairo do rdallsor des
installat ions do dimnsimns Important". Lao souflariaa a vaguo do vgAt- atteignet wose
courammnt s lusguour do 40 ou n 100 wbtrea, ot utrpoger do plusiours altros * las porota
latdraloa dolvont Otro lis"oaot paroalIlea, do Lagon A as quo los riflaxius soiont Squivealatoa
A dos sources Inage. en onvorguro Infini., at 1'outrditd aval du canal dolt Otro male doneo
plago poosddant us coefficient d'absorptioa ilovi.

Los caractiriatiquea des vapuos qu1 sexant ongondrdos darn Ilnstalat~ion prdvw usct
fait lobjet dun calcul approsimatif, doat, certain dos raoultat mut prisestia our Is
figure 2c. 11 apparatt possible d'obtentr des vagues do gravitd dlamplitute apprisiablo, surtut
pour le* vitesess plus ilovdas, amis ols roatont dama Uo damino dos vagus "Jeuso." dout
I&a ciliriti do propagation n'ost qu'una foible fraction do Is vitoae" *A vent, far comoquet,,
cs it *amle n6cessairo do pouvoir fairo varier indpndant do U~ vitems dui vent Voampll-
tude et surtout I 'ag des vagues, un girndrateur artificial do vogue. ou"batteur" * dolt stto
prvu A l'ontrdo du canal, La similitudo eoc I"a inuomat naturals rmatorsa n prinsipe satim-
faisantosi I g Siratour oat cimndi par des signaux aldatoiros cusinablos at sa Los auros
sent effectues muff bsemmat loin en oval.

3.5. Dimuoiticam uarticulitrest

to but poureuivi dtant I&a mialatioa d"s pbdoambas A doux dimensions qul m" dovolop-
pent dane Is cas d 'use anerguro inf into, 11 apporatt iodessire do rdduire all afntlas I"ffete
tri-diasnsaomola, et los amaveamnta aecondaires caractdristiques des Gcouloets on conduit".
do sections noin circulairos, daut lea voistes d 'ozpiriences do grand allasewat sat souvent Is
mug.. On pout agir. darns ce but, dwus part our U~ gdomftrio do U veins dut 1. rapport do
U. largeur I Isa hauteur dolt Otto rolatlimeent Slav& (Ici : 3,20 a./1,45 a.) at d'autre part star
is divoloppusmat ds couches limit*# parasites des parole Uatdralos ot aupildouro, qn'il oat
intdressant do limiter.

11 ost par aillours nicossaire, surtaut pour los vitassea lea plus besras, do ddcl*..-
char ot fixer Us transitio 4a e eer do Is veins, au inorn do "turbulataurs" cusveeablint
dimpais. On pout alm ouisager dlaccildrsr tificilemmnt IU dlvoloppf-taent des ditirenas
couchas limit*@, amis co procidi dolt Stre eamp4y evec prudence &iI loan vent qua 1. structureA
do 1 'icoulemat rest* oeisfAlsOate,

4 ~~~~~~~3.6. Im t)n= osaltusralal

Ia reprch-wtisa compl~t, so oaILitude, uitamsim natural ma laborsatre a smbo

pas povvoir Otto oaagios. Per copual It apparolt possible do rialoar dos =Oiao*" a lee
diffireoto presossus ph). ique amezant effeOtivORMn a. Jo" at d#100 1oe04ll04 los pormb' e
foamina peuveet attaladre dos valours significatives. It Oegit dome 10 domie samlatim
partial des 4chmkW vaturel, dout U. peuroesta s et diffIeal A ohifirer, sits "I pointer.o
do contrlor. at dwentuallmet 4'ls wor, los bypothisos faito sour l~e wali a petite
debolle des Interactiofs som-sompkre.

4.-MUKS M I=UALfl.-

9lapr00 q" p166" prdeMIZo A'~sslei rialisor correspond on fait & use ouflorts
do slmolstims aemospbiriqu dust Ua ve omea.t me omal A vagna.. Ia figur 3 es doe Is
aoh~w demomle.

4.1. Cart-reiso -Airdmna

La Goauflarie eat do typo 8A retogain. pe dama5m bests "at Oin X 7,30. a
I& ve d'aup~rifsws, Wave. do 40 a, a us sestius do 3,10 a a 1old a. Vbe varietim es vttano
do in witess ed0050a/*. 1 14ams, ame use prftisius roea -a do 2.10'3, sor obteeme & Vaido
d'us grnu" motoetltoar bdle.Uo do 75 CV A @ d lestronilpo. AL in d'ebiinlr to



featcset est ~abl ap u r ecsIpuassI section drou oL en cn uiot fdguret 4) 1a dytd o
a ulotag s ar ont tariet1n ~ l tImda nan oI hwr stauliai

dent does etOn &aotporIsein ot do IsvisLaI(orfiue4 *ssisd

umr iim n Oerusttpr lea oc* limit" do La tdrer A d La pet do cooau uen ircu.atio
Is fabe viits do Is0 /a su0,10 u/a) eait aedo do Itra ont vera :'~ des Lta ein. canalpe
langent^ soot pr~u poura on ias.riabe dsiron at dipon sfla 1 cnit ore recI& Ldbas doal
litot La secrour udil dM aa 6. apood vane do0,5 i1u.L figure 

Afinis deo poitte dto & 1 r~eat do stmirau caal I pourotee 10 Ilbt, un rfotation
a'doowle vist eo (da001a/&~ &an0,10a/&)act asurfe oliquid. voe engar doe vaue. aue Iaa
Vd bateu snomauOg A. coepio variable. La p35g Cab~oobde durI*odui do 'eztr.t dos caal
ct catites dioitias adopte o & ctv avic ide *owlinio dpour unfrnsr bitomte a

* Ar~jActjxistioea bmarohankiusm

Lee temratures doe llair at do leau pourrout Itro firdee inddpndamnt h dos valour.
r-omprices ontro P.C et IeOC, avec une prdciaton do 0,1*C environ. la 4ogr6 hygrothermique do I 'air
& l'onarde, dli La veina doatriencea pourra Gtto aintewma des valeure, comrises entre 60 %. et
100 %, avec iso pricision do I %. environ. la figure 7 scbdotise lea disposit ions adoptbos pour
coatrlor oes variables % batteria do rofroildiesae~t at do dossiccation %r coudessation; batten.t
do oauif...o at injeteurs do vapeur out La circuit d'air ; Ochangeurs fr.id at chaud our 1. circuit
dlesu ; gimidratours thormique, frigorifique at do vapour; circuits do rdgulation.

S.- 38541 Ina KwmA~ .-

Use maquette, comp&te do liestaliation a ltd rdalisd & 116cholle 1/5. La figure 8
doma me Wdd do s constructions an 614mntsa isadnt anovibles rialisda principaemat a base,
do switdima pLastiques, Is, canal at lea dchangours dtant edtalliques.

5.1. Macaim dovamas
Ile out pormie, an premier lieu, de contrlor at d'anliorer La stabilitt do fonction-

usw oet s caractdrietiquoa adrodywauiquos de 1'instalLation. La figure 10 permt do cosarer
Ia cofiluw.tion initoleumt pr~vue au do&*in aflior# auquelIs leaosais out pormia d'aboutr.
lao matq initial prdomtait =s certain nombre do ddfauts ddcollowats dona lea coudes arrondis,
otvois allimotatics dui ventilatour. rotation do 1'bcoulament "n aval do ce derwalor, fonctiosoomut
dfootu des, diffuseors, Uo tout s traduisat par do ldg~re imtabllitm do. proson et va
coeff icient -I* buss. m"oore, (vet figure 11 b).* Le rouplacomat des cosale. arroaf is pot do& couides
A angle 4"". sa d'subaee, U ddpLacomnt dui veutiLateur. 1'adjoection d'u nif; d'aboilloe dane
La tialure do ratour, out auppried los instabilitba et procurd ame praui~ro andlioration do
wo.oat. Loa diffuseurs reeataiont touteoi Is sifga de ddcollements ausquels il a 6tC progreesi-
vinmnt We~ id. pot rlduation de I'agle dlouvertureat t" ian place do gndratours do tourbillone
pour Is diffusear supdrtour, at pot adjoation do cloieone pour lea diffusurs infdriears. La velour
do Gueffieast do bue" a Mt Moore awflor~s. * tte configuration, sant itd JUOGo satisfaisate,

a 4t4 adopt"e pour lnetallation principals, loat Isoe caractdcieetques adrodynamiquo act slot. dtd
salevildee an eppliquant lea I*" do Is similitude (Voit figure 11 a).

Co &seats aveanmt 6t4 effectute en slasat La mappe liquid. per va plancoer recouvert
d'um paroi adulde. Aprbo mn s all dui canal, on a pa vdrif tar quo U. foact iommeat adrodyca.
miquo gloal v4teit pa mdif 16. Mm %oumall* extloratia dtatLI1 do l'dcoaalamM dama La voe*
a lieG tU affetadej deat Lao figure$ 12 at 13 prdematot Vuelpaea risultats * Cevm-ci illustronk
La dowsloppsomat do, La emobe limits our la surface liqpUis en wvmot at cooliremat l'intirst dos
diepseiife, do aetnru d'demslot dame La vein., dest La Rise au wat oat a courv.

Wa pgofasi, do famotianmensat dui battelar lawrgd, et lea propridtia absorbent** do Ia
#p at We vtcUihs oa s mquette awsliatte. Uam carsctdriatiqus globsa'so dui circuit
byftadimo fatfet llobjet Allan pemier msa. Waprbe l'.beervatia des vague. ooptlee" par
Is as e date la figure 9 doamers. Sd., lUe dispositio eoptdos pouar La eanal somblont
aatUftesste as s q" 4MR eies LaSeattle dA" omta do Ilsterface. woe eoaaIe pige d"taill~s

*et W heeao arch. do l'aoomble do L'aporeillag at "as airovita do r~guaitio a pa Stto
v&U~Lde. Use tompixesure miselua do PC at wa tomavetae asimals do W0C sat 4t6 atasintas

vitoaae do 6 Uia. La dispaitif "o regulation m 111.04d aoeme La stebLt aR tapratate a

@35ps-ePC. I& eacala dum dead bopmsAtr"a pal osadeaetiou o sL battensa froli. go pot
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Injection do vapour a fait llobjet Vessels d'aprbs equels U* prlacipo do foectimomsst retain
seklo valabia. Usme exploration ddtaillee du ddweloppeat de cmeaba llaitos tbanqfoo ds Ia
Vaine & 4ts Gumtriron at 1A figure 14 prdaonte quolquas-ins do profle do tgmdvatumeisrs

6.- CONCLUI(3.

L'aaumm des mcomimmas physiques a pet its dcballe corsu coe regpommable es 96arnem
d'dnergle ontro Is coucha do surface do llapkre at las oclim pomuot d'identSifler la pweses
foaomtem do tramafart do qumtitd do uouvinost at ddmrgie uomique, do trwfort do wepm~
d'aau at donathalpto latest*, at do transfert d'onthalple sensible, dot In reproduction ot
adcesoelre pour l'dtuda 'u laboratolro du phinomba natural.

11 apporatt Inispensable, pour quo lIs oupdriaaces solant sigmificativo., do toar
compta doa factours particullors quo constituent La structure turbulant@ at ld4tat do otretifi-

Ircation do l'otoapb~r dlumo port$ at lam mouvemosts do La surface ocdmnique d'autre pet. U1 m
rdsulto quo 1s dispo@Ltif aq~timmuta1 dolt Itra do dimnions Iuportitas at quo las conditions
qui y seoet dtablias doivoat pouvoir varier dam Wasses largos propertieoss.

Lo domma obtemuss snt sorvi do bass Ji ldtabliemoout du projet dlumo isstallatt
do rochorches, dent lea caractirietiquesanot po 8tre ccmtrdldes par das ""sIn ddta.lldseoffecsas
ourtin ussquatta&hle plus rdduits. Cott Installation at ctueliemat so couss do ctrue-
tiom, at me oalsoen service net prdvue an coura dos derniers sa do l'aai 1970. Los xpirlaemoa
y serost efootuda dome des condit ions bias ddfinies at reproductiblos, at on peut passer que
l~e phdnombo se rob sly trouvoront smulds do faos utilieable. lao udcamiasso £adaetau
par lesquala s'ophrent lea 6ohanges d'dnrgia entro la oadam at latospbre pwarroat dont y
fairn l'objet d'ume Etude approfoodia, deas dos conditions favorablas.

I.- COIETIC (MI.) -1968- Loe interoctions atuosphbre-ocdaus :lea processes physiques at Uas
dquatioms qui lea gouvarsnt.
Rapport I.L.S.T.(Publid dane l.. Cahiors Ocianographilquea Vol flI
-1969- N*1 pp.17-46 ; N*2 pp.105-143 ; 93 pp.223-249).

*2.- COUNILL (J.L) -1966- Laboratory aivuiation of so& aves.
Technical Report N*65 -Dopt. of Civil Usg. Stanford University.

3.- GUM~ (AA.) -1966- An exporimental investigation of the generation of water woves by

£531. TA 116-3 -Deport, of Aeronautics and Atronaut ics, ^ssCbaets
4.- MID (G~h.,InLATitute. of Technoloy.
4.- RDY (.H.) PLAS (E J.) I action an vator standlag in a laboratory cbol.

-1965- Aeport r'.M. 1.35 - lOCAl, Bouldar,Coloroio.
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SUMMARY

A theoretical study of the inter-relation between the ve' clty field in shear layers and
diffusion processes is presented, adverse pressure gradients are a'-o Included. Such inter-
relation is of fundamental Interest In the study of shear layers and is independent of the
existence of diffusion processes In ratural surroundings such as air pollution. The discussion
includes a variety of concentration profiles likely to be encountered. It Is limited to
molecular laminar processes but can be extended to turbulent ones without great difficulty.

This approach should be useful for Wind Twnel simulation s'.udles. Freon 12 or 21 Is
suggested as the diffusing agent because It can be detected in irlnute quantities without
affecting the flow field en," because the S.'iidt number of these, gases diffusing In air
Is close to unity. During the same run of the Wind Tunnel a pl .ot tube can measure a
velocity and a concentration profile giving together informazion which Is complementary and
practically Impossible to obtain by other means. Preliminary experimental results are
also shown in which this method was applied to trace the dividing streamline In shear layers
with an adverse pressir gradicnt.

NOTATION

C mass concentration parameter
01.2. 0 coefficient of diffusion of component I Into 2
C specific heat at constant pressure
P the form factor
N 0  1 n Integrals defined by equation 5-3

arbitrary big number (usu-Ily 50 or 100)
p pressureP Prandtl Number

Q(n) an arbitrary function of velocity of diffusion defined by 5-2
R Reynolds Number based on shear layer thickness
$ 6 Schmidt Number - v/D

T Temperature (abs)
U1  velocity at the outer edge of the viscous layer
u, v' the x and y components of the velocity of diffusion
u, v the x and y components of velocity
u, v non-dimensional velocity components

mean velocity of diffusion across the shear layer
a and 0 arbitrary parameters related by eq. 5-4
r the concentration parameter defined as(C - C - C)
6 thickness of the velocity shear layer

6 thickness of the diffusion layer
66; concentration thickness defined by eq. 4-4
cc coefficient of apparent kinematic viscosity, arbitrary small number
nrelative thickness of the velocity layer
irelative thickness of the concentration layer
A coefficient of thermal conductivity
1A coefficient of viscosity
v coefficient of kinematic viscosity
0 densIty
Ob  boundary layer mmentum thickness at the edge of the step

Sub-indices

c refers to the concentration field
I refers to the I-th component
I refers to the Inflection point
o refers to conditions on the line u -0
T refers to effective (total) value for a turbulent shear layer

refirs to the outer edge of the shear layer



ON THE USE OF DIFFUSING DEFECTOR GASES IN THE STUDY OF ATMOSPHERIC

SHEAk LAYERS WITH ADVERSE PESSURE GRADIENTS

Joseph S. de Kraslnski

1. INTRODUCTION

Theoretical relations have bean deduced bettsen the velocity field and concentratlon
profiles In shear flow. Such relations might prove useful in wind tunnel simulation
techniques where small quantities of a diffusing gas can be introduced and masured
at will. This study is developed for, laminar shear layers but might be extended, using
empirical coefficients, to turbulent ones. In air pollution problem the study of the
diffusing gas within the atmospheric shear Ilyers would have a physical meaning In
relation to the pollutant. Temperature gradients and gravity effects have not bee
included.

2. THE PHYSICAL MODEL

An atmospheric shear flow with adverse pressure gradient occurring for example In
mountainous region Is shown in fig. 1. A dividing streamline "d" separates the region
of the cIrc6.ating flow from the oncoming one and It reattaches at R. The zero %slocity
line u - 0 Is situated below the dividing streamline and seprat-s the positive and
negative velocity regions within the circulating flow. Along this line the v velocity
component Is not equal zero, it changes sign at the centre of rotation I'". If a
source of diffusing gas is Introduced in the reverse flow below the ]Ine u - 0, say at
"'F", it will cross the u - 0 line and reach the dividing streamline; the extent of its
crossing will depend mainly upon the coefficient of diffusion in the laminar case and
upon the turbulent mixing processes in the turbulent one.

When studying such a field in the Wind Tunnel It is difficult to determine experimentally
the line u - 0, the v velocity component, the centre of rotation "0". and also the
position of the dividing streamline. All these data are of great Importanoe for a
physical dese-1ption of the flow as well as for the theoretical formulation of the p"oblem.
As shown bei.. such Information can be more readily obtained through complemntary
measurements of the concentration profiles of the diffusing gas. Halogens are suggested
for this purpose. They are easily detectable in minute quantities by commrcally
developed instruments (Halogen leak detectors); their Interference with the flow Is
negligible and the Schmidt Number of some of them is almost unity.

3. FUNDAMENTAL EQUATIONS AND SIMILARITY CONDITIONS

It can be shown (see Ref. I, pp. 443, 450) that for a steady shear loyer with a source'
generating a detector gas from out-side

p --4 c I "  " . P;cl (3-I)

where cI and ' are the mass concentration and the velocity of diffusion of the I-th
component. Wth the usual assumptions, the lost equation becomes

k I  aci

~ Z I -- ~ vpi) (3-2)

Neglecting the term of thermel diffusion it can Ls also shown that

ac I  a c2
clVI " -1.2 IT and 2v2 - -D2.. 1  y (3 -)

where the coefficients 01 2  2- 1 Introducing the concentration parameter r (o-"-C4
equations (3-3 and 3-2) become

(1-r)vl - D Ty- where D - 01-2

9( r+ var d anax 3 T J[P5 and v' v ' (
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For woderate velocities when heat generated through disipat'cn Is negligible the momentum
and energy equations for steady bouJndary layers or shear 'ayers are

X y ax ay (3-6

3T aT a IT n

wander similar Initial and boundary conditions the concentration, velocity and temperature
fields can be similar provided that the pressure gradient In 'bsent and the Schmidt and
Prandtl Numb~ers S-P-l. For turbulent mixing layers one misht ac...;pt a change from D
to 0, smi 1r to the change from v to c, S to S,1 6ad P to PT where the subscrIpt T
reid' to the effective (total) Prandtl end SchAidt Numbers (see Ref. 2, footnoto p. 11).
There is no guarantee however that with such an Interpretation strict simleaity Is
achieved,~

4. RELATIONS SETWEEN THE VELOCITY AND CONCENTRATION FIELDS IN SHEAR LAYERS

If a source of a diffusing gas Is situatcd below the zero-velocity line one may w6-ite
analogically to heat flux equation In therm~al layers

4 Jcpu dy -p c W ~+v)0  41

Putting

C/C0 . 1 - r. dy a dn8 0  (42

equations (4-1) and (3-4) becom

Introducing the concentration thickness 6* defined as

It follows from (4-2, 4-). 4-4) that the vertical velocity component Is

Wh~en ut- -0 at points 0 and R

d o ar(4)TX c,- 4 (46)
( I Ic £

As mentioned above the re a re considerable experimental difficulties In the measurement
of the v component. Expression (4-5) could be used for this purpose as It contains an
Integral parameeter 6* lest liabie to experimental error and the gradient r which does not
require the InversIOA Of the pitot &Labe across u - 0 line as In case of veiocity measurements.
The most difficuit of oil Is the measuremen~t of the curvature expressed by (3 u/3y) All
this data along the u - 0 line Is Important In the theoretical formulation of the pr I*..
Using two bars for the non-dimansional velocity component u and combining (4-5) with (3-6)
and (3-5), with pi and Op, constant across u ft 0 linme the curvature becomes

2
t'y4(60) - 83 (4-7)

a 2 ). ui6c or , [d 00

C 0

for the velocity and tk concentrations profiles respectively. In the absence of the
pressure gradientf the ratio of the two curvatures Is
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Is-

( 0Y[Jo ~(n4 Ga' 1 4] 0  i
any, alICOc

One observes that no second derivatives are present in (4-7) and (4-9) and both contain
quantities which should not be hard to measure. The gradient of u across u - 0 would
present the greatest difficulty which might be avoided using v. Karmens integral
equation in the form

~du I

au de e_ (I+2d (4-10);, . -+  - (, 2
plud an o - u

It follows that

2a u 62  6 dul d(au u I__ (),-2) •1 *)
3n2 o P ° 0 u

(4-Il)
D 62D( ar 6 P I dul

-J-d~c c PC0

The gradler s of 6 and 6, are easier to measure than (au/ay)et u - o. If p P and the
pressure gradient In the ;X direction is negligible the last equation trawJforme into

W, dx') L uls - (4-12)

The curvature of the .:'ocity profile at u - 0 depends In -eneral upon the pressure
gradient and tirw v component of velecity. At points 0 and R (see fig. I&) where u ov-O
only the pressure gradient determines the sign of the curvature. Upstream of 0 a positive
v component contributes to a positive curvature and downstream of 0 the positive pressure
gradient Is dominant and an inflection point is always present within the profile. The
sae conclusion does not apply to the curvature of the concentration profile. As seen
from (4-8) the curvature follows the sign of the component v only and changes from positive
to negative when crossing the point 0 along u - 0 from left to right (fig. lb). This
means that to the right of 0 the concentration profile must be a "full" one and does not
contain an inflection point while to the left of point 0 the profile Is not "full" and
contains it. As the difference between the two gradients date-mines the veiocity
componwnt v (eq. 4-5) and from the previous discussion the transversal gradient of r
shoild increase when moving downstream one expects their mutual relation to be somewhat
like in (fig. Ic). (not to scale) The strong negative v component before reattachmnt
m;ght reduce 6 to give a negative slope of 6, against X. At reattachment and at the
centre 0 both lust be equal.

5. THE MEAN VELOCITY OF DIFFUSION AND THE DIVIDING STRE.AMLINE

As mentioned in section 2 a pitot tube connected to a detecting apparatus and Introduced
from outside Into the shear layer will not show exactly the position of the dividing
streamline when the first traces .f the detector gas are recorded. The penetration
of the gas across the dividing streamline can be est motd by mans of the mean velocity
of diffusion which If assessed allows for correction needed to determine more precisely the
posl Ion of this line. It follows from (3-4) that the mean vmlocity of diffusion

an r4 dnc

depends partially upon the var!atlon of D across the layer and partially upon the concen-
tration profile r. For turbulent shear layers D would change to, 1 and also change the
order of magnitude. Before more experimental data Is available oni may discuss the laminar
case when 0 Is constant and can be estimated (Ref 3, P,539 ). The concentration profilet,
and their slopes can be dotormined experimentally (see sec. 6) hence (5-1) allows the
estimation of the man velocity of diffusion and the posIltlor of the dividing streamline.
Some preliminary discussion of r(n c) is useful before more experimrntal work Is undertaken
it allows an estimate of the order of magnitude of v' and throws more light on the
diffusion processu*.



Equation (3-3) Indicates that an exponential decay of concentration across the shear
layer, which Is acceptable from physical considerations, would signify a constant velocity
of diffusion across it. One may however assume this i; a particular case of a iNrm
general one which could be encountered within the variety of concentration profiles
discussed In the previous section. Lets assume 0- constant across the layer and the
remaining Integrand of (5-1) some function of ni containing two parameters in such a way

L-- that when one is equal zero the Integrand is coistant and so is the velocity of diffusion.
The suggested function could be for example

Old )  - 1 xpon, (exponential); Q - c(l+Bn) (linear); Q - a0l

.fti in ) (sine)

etc. The masure of success of this approach can be only assessed when comparing the
results with exact solutions based on similarity. Without dealing at this stage with
any particular function som general conclusions can be dram. Taking

Q -Q r 1
( " T IFT (5-2)

and separating the variables

In (1-r) - Inc a fQ dc (5-3)

with initial and boundary conditions n-0 . r -0

q- 1, r - I- where c is an arbitrary small value
also expressed as I/N with N being an Irbitrary big number depending on the'deflnition
of the limits of the ooncentration profile. Calling I and I the R.H.S. of (5-3) for
q - 0 and n - I respectively, It follows that the intiration constant C is defined
either as InC I1 + Inc or InC - I., therefore

- - ns- InN (54)

This equation relates the two paramters a and A of the arbitrary function Q. It foliows
from (5-3) and the second definition of the Integration constant that

r I - (exp i0) (-exp 'it) (5-5)

where i is fca dnc at any value of O<ncl and

a - (exp I) (0 (5-6)

ancn0

therefore along the u -0 line

(d-i r Q 0  (5-7)C 0

and Is determined by one paramter only (a or 5) once the outer limits of the concentration
profile have been doen by taking an appropriate N.

The point of Inflection of the profile Is gIven by

12
0ex -l ax 2 )(5-8(I,)

and fro, physicl onsiderations the only c'~ndition is

*J(,.). qZ (5-,)

c

and romphyscalconsdertios th ony am~t~n I



If no pressure gradient were present at the point 0 (sees fig, IQ. the concentration
profile there should be Identical with the fiat plot* velocity profile provided the
similarity conditions dCeussed In section 3 were maintained. Such a profile would
have an lnflectInn point at the origin. The dcice of the arbitrary function Q
could be chocked at that particular point.

As a matter cf Illustration let assume this exponential law of veulocity of diffusion
I.e., Q*a exp 01,. it folos frow (5-4) that

0 In N

and from (5-8) the Inflection point Is sitiated at

j If at origin the parameter 8 - In~in N + 1) * afrom (5-7)

tar 0 n

Finally the concentration profile obtained from (5-5) Is

r I -exp [io (i-expen C

Similar procedure can be adopted for the linear and the sine law of velocity of diffusion.
Fig. 2 show three profiles with the inflectlon point at the origin corresponding to
the three laws respectively. The arbitrary limit Is determined by *-100 for all the three
cases i.e., r a 0."S when n - 1. Blasius profile Is also Included and Is practically
Indistinguishable from the £qponentiai case*. One Is teapted to state that an exponetial
low of velocity of diffusion In the form Q - oexpn Is associated with a concentration
profile which coincides with a velocity profile ;iiej no pressure gradient Is present,
similarity conditions being maintained. In fig, 3 more profiles are shown for various
values of the parmters a and 0 assuming the expcnential law, and *-A0 signifying the
outer limit of -c 0.98.

Using (5-1) the man velocity of diffusion irrespective of a and 0 Is

-.inN (5-10)

This approximate expression (also valid for the linear and sine law) may be usofui for a
more precise determination of the dividing streamline. If the limits of the Ccentration
profile are arbitrarily extended (high value of N) so wiii be a . hence the arbitrariness of
N Is only apparent.

Thermal effects. turbulence etc. will affect the concentration profile of a pollutant
or detector gas. It seem useful therefore to discuss the remaining originally suggested
llner and sine low velocities of diffusion besides the exponential ame. If enooetead
In reality or In wiad'tunel simulation such a discussion might be of Interest.

Table I at the end of the text gives essential detailIs of all the flree profiles.
Typical exponential law profiles are shown In fig. 3, letter I ind~cates the Position
of the inf'- Ction point(NS)

6, DETAILS OF PULIMIMRfY TtESTS

Preliminary qualitative wind tunnel tao:. -:o ades with the object of tracing the
dividing stresseline In a shear layer. Oltw~ed Fiston 12 was used es recmnded by the

*The tramsverle gradient at the wal is ab~out 1.3 grv tjer than Blasius' profile.



makers of the leak detector*. This type of deteactor works on the principle of an Increased
Ionemisin won heworingga (Fom12,) contaminates tearsurrounding anincan-

descent platinum cathode. The emh-islon current Is amplifiled and Ahw on an smtar. The
makers claim that partial pressures of an order of 10-8 urm Mg of Freon In *I r can be
detected. The advantage of such a h sensitivity Is an almost nil Interference with
the flow and a low degree of contsm. -at, n - a closed circuit wirid tunnel even after
prolonged working. It also might be p _;Ibic to extend such tests to 1atmospheric
conditions. Halogens are particularly suited for this work not only bec.ause of facility
of detection but also because of theIr Schmidt Number (in air) which Is almost
Independent of temperature and pressure and can be close to unity. This Is Important
from similarity considerations. The following table gives the mn values for various
cases

HaeI on Frewn 11 (CCC15 F) Freon 12 (C C 12 F2) cc 12F-CC AF 2

Schmidt Number 1.7 1.65 1.2

Malogan Freon 21 (CHC 12 F) -______ _

Details of the Installation are given In fig. 4. A pitot tube Is connes.ted either
to a micromenomater for velocity profile measurements or to the leak detector for the
from study. The freom sensor Is also connected to a vacuum pm. this ensures a constant
flIow throuh thin System at each position of the pAtot.

Miuted (IS% by volum) Fremon 12 was stored In a large, open to the atmosphere vessel
and fed Into a sea~rotion bubble by mens of a precision needle valve. The shear layer
wee produced by a step, it was laminar but transition occuried close to reattachmnt. To
ensure c visual observation of the minute quantities of Induced gas It was passed through
detergent shaeing bubbles. Once equilibrium was -stablishad and the zero of the leok
detector mcrded. thei pitot tube was lowered from the external flIow into the shear layer.
Nioamter readings were taken at every station of the p1 tot tube. Upon reaching thes

first traces of From the leak detector shwd a steady Increase as the tube further lowred.
On returning It decreasd to zero again which showed a -4ood capacity for making quantitati
mauremets of the concentration profile. The tests were so for qualitative, with the
object to assess the position of the dividing streamline. Wall studied modal was abosen In
which this position was obtained through tedious mmesuroents of th~e Inverted fiow and
Its Integration. Thriee reading* were considered: the first move-nt of the micromater,
a wore pra~owrcad ane end a definite steady discernible mover -- of the Indicator all
three corresponding to a steadily Increasing penetration of the p1 tot within the sheer
layer, The rvsults are shown' In figs. Se and 5b. The volociLy profile Is given with the
position of the idividing it reamli m obtained through fiow Integration. Positions eb, and
c correspond to the three detection stages of the Indicator. In fig. 5a, the coincldence
Is very god. the sheer layer wes laminar ei.1 the distance bobind the steps edge * 75
montumn thicknesses. fig. 5b corresnands to the sam shear layer, close to reattachinrt after
transition has occured. One abserves a strong penetration of the Frewn Into the outer part
of theo layer asexpctood. them dividing strealmlie being well below. Mere distance corrvaponds

to SWC momntum thicknesses behind the stop.

The"e reults Indicate that the method Is promising end needs sore exiperimenntal data,
Particularly In the turbulent sher layers.
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Fig. 2. Concentration profiles with an inflection point at the
origin for the exponential, linear and sine laws of
velocity of diffusion compared with Blasius' velocity
profile (N-100).
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Fig. 3. Concentration profiles for the exponential law of
velocity of diffusion (N-50).
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MIbeelo prlom in 4aa41YfrI the win prof*le and uhea la s ptr. Profile in the
steh rio bzy Iqer Is OW Isnwffioient suAdly-bsg e eatLS are available. Thi

PaW we4ews sm of the methoft %bat hew bo dOpt to close the solution, with prtioular
Vofevwe tO nMtMl stability oemditians. A mthod, simlar to oe of thos* reviewed, is
I~UMated In am deta., It t esemntiully an extension of rm K&Ma's daib, -',,
re1tlew1p bete toa e Utff ivity I and the winL profile applicable to t1w msf'ao layers,
@rA*WMe to appy tbrsej at the wbole bcamnaL7 lsyeo by taking into soont the tuzuing of the
wM. Ulutinm whech boer a reambl.e &alarity with empirically dterined profiles cau
Ue otinse if vm Maun's nstwt Is mltiplied b a factor whioh L equivlent to reducing
it Ir Just ove I* VA@ obeoe i In the right smen to carot for bae introduced in
ft gerLItiv the finito diffez v sobem.



I * The significance of the atnospheric boundar layer to many ffitorological PrcOeSS6-.0 U
ohrof man's interests building struotures, aircraft, the dispersal of pollutants ad$

an, hadly neds dobe imeutied

th tntr ayfb th e bonevrpt ~cry I&,adprinWt ever lti th ohrsoterwofhhegt cnIr

layer in theme complicated circumstanca, but at least a greater understandin then is availa~le
at present mo~t be our eonttinal &I.

Mhe first step is clearly to try to undorstam~ and predict the variaticei of wind velocity
and shearing stress with height in horizontally uniform oonditions, wb" the goetroyir. wind
is constant with hei~ght and when the stability is either neutral or 0w4,jly specified 1V e
kind of buoyancy parameter (e.g. the heat flux or the Eonin-Cbz~iov longth L). Od Tin no now
problen, of ourse, and solutions involving assumptions of ono kind or aaot,.,r have beac
avaiAlble from the time of Zkmn onward..

Tha surface layer in which by definition the turning of the wind (and hence the Coriolis
foroe) may be Ignored, and the vertical fluxes are virtually constant with height, has received
most~ attention. Mach effort has gone into both experimental and theoretical studies to
determine the relation between the fluxes and the respective verticul grad!.uts. Ntixly
definite values of V(X( ) in the rbiation:

have been given by, amongst others, Dyer (1968), in both neutral ( Is - 1) and unstably
stratified conditions, for heat, water vapour and momenttm (although there remain some doubts
about the latter due to uncertainties in the u, measurements).

Above the surface boundary layer is the kman layer where the wind gradually turns from
Its surface direction, to the direction of the frictionless wind (sometimes the goetrophio
wind) which exists outside the bound9ar layer. It is in this region that most researah is now
centred. Perhaps the most immediately' relevant information can be obtained ftirl,7 simply,
naely how the shearing stress at the surface is related to the geostrophic wind and the surfafe
.*oughnesu. The form of the relation is obtained by a dimensional analysis of the 4uternaI and
*xternal parameters that define the boundary layer structure except that certain universal
'oonstants' dependent only on stability have to be determined eapirical2.-. The external
parameters are f, the Coiol. pamauter; G, the geostrophic or friotion.Less wiLnd; s0, th
roughoess parameter; 60 , the potential temperature difference through the boundary layer,
ad similar parameters for water vapour. The interval Parameters are %5 , the surface fr' tion
velocity; of,, the angle between the surface wind and the isobars; H, the heat flux; h, the
height of the boundary layer defined in some sense or other; L, the Manin-Obukhov length; and
T defined by u5Y T a * Not all these parameters are independent of each other and

ca n be assumed cc dimensionail grounds that

UO .F ( -!F, -Z1 1(2)

and

Following H1aoJ0dar (1967), us 'my expand this latter equation with respect to the wvry
small surface Rossby unmber is./ua j the expansion being valid for a not too large, and
the complementary equation for (Gr- u)/u. also in terms of powers of iz. / U,), valid
provided r, is not too small. It is argued that the two regions of validity overlap because
the Roseby number is sufficiently small, and in this overlap region, retaining Only the
dominant terms in each expansionx, the u-profiles ist be identical.

Universal identity, is achieved provided

Sct L a [Inj u - A( go)]()
5*i _ 4



MUMe. Ve*Utic ane reasOM1a1 ft"! mppcts,& k.' r"e!wtal dataL in netnl stabily
00aaditions. ?irx&Ik I shVis uQ Plottee Mint lQSgQ/f 1) od a line of bqout-tt
Wetbootiysly fJrae V~ro~ theA Voatter of points. ?Je &&A (AOne frca flachdL (1962)

Figure 2 gives *in a A .a fnction of UyfG . ?.Wm oints Go" frft cfin and

best fit 11me drawm on these ftges a" tken used to obtain the points in Piare 3 and
4 in order to test aquatiom (4)anW (5). and it am be seen that if AA -.3 amd BAk .8.75
than re .ascubl conuistency is achieved. figur 4 wassesto that (O/u') sn w. say yaa slowly
with (WU I b ~ t this is not very sigificant over the raome fraa ( U,/() 0.2I syrpWO ftU to ice or md flats, to (U0 /G) a 0.05, for rough tmrain.

A raagng from 1.2 to At and of I from 2 to 8 and these discrepacies may bavo arlsen bocase, an

Sen at Slte dss (167 anvee u farl aesn brl ie preioi. of th frcio e oty
incsme hapset ba~ea nlaboticf n ~Acuto r,) tba udertanin of wt b gie

I nw-usla of the laye i e ha der n euie to obtain i the preltli'obetee of btan
itemptrie scale to mptam ef aeage. Then rthe I the oty, prle that emiicafi&Mu
*.uii7-baeed reqatios ist t= availalefo the eat nput Wc bol tivey in taio ry

o tl the amo eousnuta coniton mambe ar essetialy ofj t nae friction unoowos,
then smp ehts ofw v el istie c p et o n sh er streand of barter gowraniin
the =%art"of (thiolaye sig boe t o otan. 1, i the expersimeital ordm ofe parmeter)
T sl Ve tis dueto fieipedent *feqaio an tere eeod the twosla obe m tuat arefcln
avmilbead linairA i the iealodtin ane sthried are two lut-io. en i station aryo

t~s(1) which we generlly considered acceptable in spite, of certain theoretical objections,

Thricme choices exist for the final fifth equation. All these awe smpirioul or esmi-
epirical In nature. Soe first method starts frn the basic equatimoa..of MW~ %a

ltismm%-KUer equatios which express the tim rates of chage ,f %, vo , r uw sic,
arn derived from these basic equations. Simplification is then me in a ,a&.Iety of goe mntil1
the umber of uinnoss equals the umber of equations me that a solution Is, In theory at least,
possible. thene simplitioations, although often fairly drastic, arm not without som justifi-
cations for example tons Involving the onchls paaeiter f are naglected on the grounds that
f effects the mea wind profile most directly and only inpliditly the turbenet fluctuation
tern.8

Sme after all these simpifications, a soluttion is very difficult to obtain wnd aaltheagh
the method is not without its Interest and reuerds, for most parpose it mme such too
ombsrscae for gCom-L use. Most of this work has been carried out 1W IMain and is demcribed
in a serie of papers (1965 (a), (b), and (o)).

A rather more practical method involves the use of *he semi-spirical eneg equations

IQ ( )" + (r)2J] - KNIf A + 4[ Kb d] - e (6)

where B*potential temperature, b - turbulent snex, E - energy dissipation and K T,
and K4 are the iffuslivities for mmntm, heat and emrey respectively. 2he first term
represents the production of turbulenat energy by wind shear, the second the -- k dom against
baqmncy forces and the third the effect of diffusion of onora from other heights. Together
with the energy equation of a series of dimensional relationships ane involved, based on the
sc-called hypothesis of approximae similaritys

go . 5 1, KV - %K, . Kbm-sK. and L -ab"~ /1 (7)

wher at ' ab 5and a are taken as universal constsnts. As can be sen, an extra parameter
is1 added hr, namely the turbulent length-soale 1. So in nutral conditions, when the
hesyny terms is seoe, equation (6) and (7) reprosent three new eqytion with the addition of
three mew variables b, 9 and. 1 (asmminj a and a, are know), and therefore we are still
in the situaatioun of having onaw oe vari~able than equation.



(a yp rently uitifaotory a^lution to the problem is to relate the turalent einr b

to tht lorual friction velocity 7*i aampto ha en md
gt others, S. Paterson (1969) L a rather different wetext, with results that appear

qute qaisfactory.

Alte.ntiv*,.; me may specify in some way or other the variation of the l@ngibt- . 1
with hei&ht. The iAmpl.st of these is to use a putrely empirical relationship 1 - 1(s).
Arother asy Is to assmi that I(s) I. itself determined by, or reflecto, the vertical
variation of wind shear or enera diseipation. We my visualise Wi in the following my.
2 * instability of the vertloal find shear gives rise to a certain field of turbulenc.
is process is, in rart, 2epresent#A in mathematical form by the fl -gdiout relationships.

bat we can go further. 11e rs' r of momentum which results due to the existonce of the
turbulenc sets out to aCif. te waind profile until saw so.rt of equilibrium is established
between the turbulent ler~th-scale and the local curvature of the wind profile. In nan-neutral
conditions buoyancy forces almost certainly complicate t' a picture further, but in neutral
oonditions the argument reoalle [aman's relation appli:ble to the surface layers

I1 1- k 4 (8)

AUt in the present etudy I an be uc%', more generl than this. This of course raises
questionr of uniqueness anii these r 'n to be answered, but since (8) satisfies the wll-know
relatio, j in the t ist .t-flux gurfacc layer any more general formula has to conform to (8)
at sm.s a.

The most omemon way of genera iuing (8) is to %Ate

whereI my be the -md shear L or a-

or all of te terms on the lefthand sie of equation (6).

A series of ]Li*rs investigating the solution of this set of equations with vLaying degrees
nf complexity and applicable to neutral and non-neutral stability onditions have appeared,
starting with Koni (1950) and carr& ig Or 7ith Rusin (1975), Zilitinkevich and Iaiktn (1965),
Bobyleva, ZiAtinkavich and T*kmn (I To). We cannot go into details here, but the ge-n-,l
conclusion appears to be that the solutions fit the data reasonably well in the loser parts of
the layer, axoept that u. t*Aes to t, overestimated in sowe oases, but that the predicted depth
of the bowula- layer is much too big. For example in the last paper 1 , increases up to a
aax -,m at around 3 km in the neutral -ae, about ten times the expected height.

(be may epeovlate about the resons for this, and il£e the work described in the next
section was begun it was those, t poseible that the precise form of (9) may be the cause. If

' is in fact the wind shear, i.e. thA scalar modu2 is of the wind shear, then it seem rather
questionable to place in the denominator the derivative of the scalar modulus rather than the
modulus of the derivative of tL shear vector, The latter certainly avoids one priactioal
potential pitfall, namely that (dt/g, ) my become zero at some height, and it also sem
pbyioally more reasonablm.

In the neutral case, at least, the set of equations we need to work with -ay be reduoed
with cozse~uent simplification of the problem. It is uuffic- ent to retain the two quations
of momentum, the two flux-gradient equations and equation 0) bove or its equivalent.
Historic ily this was the first set and problem to be inve.igated with the xcoeption of the
simple case when eithe- l(s) or K(s) was epeoified.

As we have seon the results were not too promising. leoause of thi© and beofta.e of the
need to include the effects of buoyancy in a more direct wa, , rhe more complicated systems we
.iave discussed above were investigated.

However linoe equation (9) nay 'ot be the optimum generalization of (8) and In view of the
comparative simplicity of the method, it was felt desirable to study the eystew yet again for
neutral oon.itions. Monin states n one of his papers that Rusin (1963) has lookec at the
problem in a way uh h is similar to that disoussed and antlysed below, but to the present
author's knowledge no results have been published.

2. A Simple .delL o. the k2HR g lyer

The very simplest and idet.istic conditions are assumed, namely horizontal hosojeneity )f
all v)riab).es except pressure, which is assumed to have a constant graient, and a goostrophic
wind which is constant with heig.t. Conditions are assumed steady in time. Vertical
velocities a- ignored.

Axes axe ohosvn vn that the x-directian has components of velocity, shearing stress, friction
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velocity, and gwotrophIc wlocity equal to u , , u aa G respectively, whereap in
the y-direction the respective nomponents are v , W - V and 0.

The eddy diffusivity K is asumed identioal in the x and y directions a has no off,
diagonal components K .

* mosentm equations are

-f I.~: U ef G -f VG (10)

and the flx gradient relatiorn.

Deinn r(r) - (z/jWo the following non-dimension-al quantities can he
formedt

./ VU ,' y .r , si 'f'K
" G =-~Y. , X i l '(12)

and Az'- fAzJ

Equations (10) and (11) becom

U' I a Y X (Ica)

X S2 Y 

Me fial and fifth equation, which represents ou extension of equation (8) in

[ (y,= t (*v')']0

The prime, will now be omitted.

Due to the presne of r in its definition (equation (12)), AX is really proportional
to an increment of pressure. Th v (13) is only equivalent to von armen's relationship at
small a provided either the myriation of density (and hence r) through the murface layer can
be Ignored, or the long-wind profile in the surfaoe layer really should be expressed in term
of pesone rather than in ter of height. 1hie is probably not an issue of mach importance
and it onffices to state that in the surfao layer, equation (13) is consistent with

K = 1Lt4z

where here us is the full fr!otion velocity. provided r - 1.

major problem in the solution of equations (10a), (I'%) and (0) is th. the boundary
Ocoditions, required to Seflm the solution, may something about the solution's nature both at
the ground and at the top )f ths boundary laver. Shvrt of finding an analytic solttmn this
makes a mmerioal integration rather difficult to perfom.

T boundary conditions are as folloms

At the ground -

(I) the shear vector (X,'r) is parallel to the limiting
direction of the wind vector (u,.) as a -+ ao"

(Ui) u and Y are both soro at - specified height to.

At the top of the bomdary lW- (whoe height is not a priori jpocified) -

(iiI) -+ G, 0, X-+ 0, T - 0.
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The method that haa been employ.1 is U integrate up Irm the surface aeumging a directian and
a nagnitude of the surface shear vector wtoh hopefuly are consistent with a specifisedrol s-

and e a & ostrocpd i .wd Sins the earlier estimates of tbeso properties of the shoew
pr 8 bably in .,zo the solutions do not fit the upper boundary omditions and so have to U.

%:r ified k ntil a af: oonv Meno@ takes plmo,

Most of the equatim ar rived in their integral form, bein in tea8 of Mte diffoeno i

V(Z+A-) -m V(') +[y(Z+Az)+ Y(Z)]Az/25(Z+JAZ) (14)

y(=z+ A ) . y (7) - AZ + [ U( A)+U() X 2(5

X(-+Az) X(Z) - [v(Z+Az) + V(z)]z/2 (16)

The on . eqauaion used in differential form ist /

S(Z+.Az) - [X(z+Az)+X(Z)]AZ/ZLU(Z+Az)- u(Z)] (17)

gquition (13) uses v calculated at Z- A z , Z and Z+.A , u calculated at z-Az
and % , together with a value of S(s) extrapolated from S(x- jhz) and lower values, in
order to calculate u(&+ez) . this appears to be a very good way of finding u(s#hz)
een if there are minor errors in the estimate of S(z) . But to be doubly orm when
S(24jbx) is determined from equation (17), a better interpojated value of $(a) is found and
the process repeated cyclically until convergent values of S(-) and i(Z.Az) ae
arrived at.

Calculations have been mate vith the following values:

MW'# k-.-4 ,i fo ', Az = 5?., z. - 004M.

In the very lowent laer* the wind profile is assmed logarithmic and use of this eu .blee the
soheme above to be initiated as we integrate up fro& z - 0. Inspection of equations (10) and
(11) give.s a schmeatic idea of how the solutions should appear, an dcnstrated in figure 5.
Squation f13), uor empirloal equation, thus only affects the scale and the heights at which the
variablet re z-o or have turning values.

The eh, tring stress in the y-direction is the first to beoce negative, the u-camponent
then reaches aa.al exceeds its geostrophio value. Above this, the x-coponent of shearing estre
X becomes negative and finally v should beom negative before u returns to its goetrohic
value.

It is lso desirable that T , the resultant of X and Y, should fall monotoniclly to zero.
t K shou), reach a maximum and then fall monotonically to zero and that the implied length-
.. of tar- dlene should reach and maintain a constant value.

-reee oco. ition are all quite demanding and oloesly determine the values of X end T at the
gro. d.

. 1he results of the wo del

.,th the value, of the ex--rml parameters quoted above the following omclusions may be
drazzs

(i' e o o,' I.ont of wind only eacbes its goetrophic value provided u./G is
greater t'iai about 0.043. Bpirioal evidence gufgest. that with a surfaoe
Roeby number given by

then ue/C - 0.;37, $in at- 0.32, and the wind first becomes gvoetrohiio
when z - 500 stree.

Smodel t*rs.jro ovoretimeo us by at least 18%.

(ii) . cox r9c behi.:v omxr of v is even more difficlt to achieve. Th ainiam walue
of v dsrends on I, and if Y neither goes sufficiently negativ, nor rem&!.aw n g tive
loo. enough then v oanot be brought down to zero from its low-Iove maxima.

It S found t" t v goes nrWgtl v but dces not return to zero if u,/G is 0.04 or
ls, wher-as if u,/C in " 435 then v has a real minimum which is es t An sero,
only in the limit ^P in a, arproache zoro.



ftwiously this implies that Ans& U, is much small'r than the .sm-pric*l1y detemined vaelue,
and, as a result, the heights of the Mey points (e.C. where K has its maximum) are too large,
sizae the seal. heint Lncreases zspidly with deoreaig 4.

Thas problem appears to be then that, with the mstea defined precisely as &I , u(S)
fel* to achieve Its gooetrophio value at the empiricelly Astezained valus of u, aid uao w
a~m poesible exlanation be that mince finite eiffernoeg are being used to represent the
derivatives in equaation (13), a uignificant error may be intro uod into the s lutions which
w be m~ilmised bi replacing yen Kamm's ocrnstant bw a smailer valuen nearer 0.34. Airther

inzGoal experiments are being carried cut to arrive at an optimm empirica modification
of temodfied k and to see whether this modification is consistent with the expected error
intbodoed IV the finite diffarence scheme .

Th rlution for uAI - 0.04, so - 0.04 a, k - 0.34, Sia. 0.3 wy be described in

terms of the key points in ?Igo"r 5.

(i.) As the height wherp Y (a" hence ;9 ) is first saro io &,z about 200 metee.

(Li) the diffuuiviZ~y a (and hence K) has its ma~ximum at 450 mat:0..

(ii) Is u(s) eqvals the geostrophio wind and T has its maximm at zbout 600 metres.

(1v) Cs X (and he e% ) is se and u(s)aa its -imm t about 800m"tree.

(v) Do Y(m~) becies erazA aX haits -mnmvalue at about1400 etro.

In~ so far an these heights eses quite reasonable when c nmLTd with such measurements as
we bim, the method mn clsai & certain credibility althougiioieiurly sA~y other temes need to
be wom*ed cut ad the k moi& fication revquire. more detailed justification. It my be noted

*e heighlts twe somewht geater thou~ in lettasa's roanalysis, of the L~i*mig wind profile
(e.g. [(Isiuig) has its usxtom at about 250 a) and this is consistent with thq elight
Instelsility noted sbove the surfacse layer which Would induce pvecise]jw this kind of effect.

Im oea3.aics tha It smess that there* ise & vezy real hope that a scheme siailar to the
wen described In capiable of describing the nature of the atmoepheru's boundary layer, WWn if
at%= ftzther tests this claim is verified, a caparstivly 3rectios! teobrniqas for studying
am oemplios', pm pcesem in the boundazy layer wil) be available.

SLis paper is publishied with the peramio of the Direotor-Cenermi of the 3feteoologice1
Ofice.
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THE ORIENTATION OF VORTICES DUE TO IN~STABILITY

OF THE EMAN - BOUNDARY LAYER

F. Wippermann
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in an unstable E'.34AN boundary layer vortax rolls are formed; their axes
are orientated almost longitudinaly, they include an are Is * of about
140 to the left with the direction of the geostrophic flow. The analogy

of these vortices to ae TAYLR'-GORTLER vortices on a concave wall and/or
to the thermo-convsctive vortices due to a heated wall will be shown.

Sometimes a superimposed second vortex system ..i observed whose axes are
orientated in a more transversal direction. The spacing of t.-se vortices
is larger than that orie or the more longitudinal vortices. The main part
of this paper is concerned with deriving a formula relat.ing the foremen-

tioned angle C to the ratio of the wavenumbers of the two vortex systers.
This formula has bcan verified by laboratory experiments.
An application of t,,a formula to cloud streets and seif-dunes is given;
the gross-features of the las ones can be explained by vortic8s due to

EKKM layer instability.



I. Introduction

In recent years pi. ;ur'- from AAc1l1xtes, mainly those from Gemini and Apollo

space vehicles flying in 1ower altitudes, have shuwm that clouds of the cumulus

type are r uch more arranged In pHierns of ulnu~d rows (cloud Ltreets) as one has

thought before. Figure 1 gives such a picture of cloud streets over Georgia and

South Carolina; the lateral distance of the cloud streets in this case averages

to 3.2 km. They extend in the longitudinal direction for more than 150 km.

A very similar phenomenon s'ems to be given by the ,,eif-durns. These are

straight and parallel chaii.a oi dunes exte iding often for more than 300 km in the

lonitudinal direction and having N lateral distance of a few kilometers too. Their

height above the basis is mainly between 50 % and 100 m, they are called seif-dunes

in Egypt, Yardangs in Persia, 'urqs in Arabia and alab (sing.: elb) ir. Mauretania.

Figure 2 shows a photograph of such dunea in the Arabian desert as seen from Gemini

IV.

7or a possible explanation of the formation of cloud streets or seif-dunes the

vortex rolls could be used, which are caused by an instability of the atmospheric

boundary 'ayer. A a rough approximation the flow in this boundary layer may be

assumed tQ ae of the EKMAN type. In the schematic figure 3 it is shown how the for-

mation of cloud streets and/or self-dunes by such vortex rolls could be understoed.

From the observations of sea gulls WODCOCK (194C, has concluded, that parallel

stripes of upward motion exist L. er the open ocean under certain atmospheric condi-

tions. Such stripes of upwind may also be explained by tne vortex rolls due to EKMAN

layer instabilicy.

For instance, for the formation of seif-dunes BAGNOLD (1945). p. 224, postulates a

system of wind components perpendicular to the basic flow. The wind components given

.; tho fowmwntioned vortex rolls are exactly of that kind. The (doubled) diameter of

such vortex rolls as obtained by tbsoretical investigations is in fair agreement with

.the observed lateral distance of cloud streets or seif-dunes.

The vortex rolls are more or less longitudinal vortices their axis is orienta-

ted almost in the direction of the basic flow. The directior of the axis and the di-

rection of the basic :low (geostrophic wind) for an angle to the left of te wind
direction varying between 11° and 160.

... n.. .a c c tterns PLANCK (".=Z) fo;rid the ang~e . betw_.. the dire-
ti.vi of clouo rows and the wind in the cloud lovel to be 150. ANGILL a.o. (1968) using

tetroons studied the helical circulations due to such vo&,,.ex rolls and found an angle

* between the axis of the helical motion and the geostrophic flow (in 500 mb) of

130. In laboratory experiments the angle & between the axis of the mimost longitudi-
nal vortex rolls and the basic flow has been f0olnd *n ha d °  y A WtVv 1 i a .n

to be 14.7" by FALLER (1963) and to be 130 11' by HORST (1969). As a thaoretical

result GREGORY ao.(.1955) gives e - 130 i,. FALLEr and KAYLOR (Y965) obtained e

theoretic __j dpnding on the Reynoldanubery the most frequent'- obtained val2ue

ox E is between L4O and 160. Similar results show the numerical inteqratc~ns by

Cloud streets will be reorientated immediately when the direction of the mean
wind changes, in each case it should be possible to observe the angle a . This
angle cannot be observed for self-dunes since these are fixed and cannot be zeonren-

tated for a changed direction of the prevailing winds. Figure 4 foz intanoe shows

a case of an alfb, where the prevailing wind coming from NE forms an angle of about
?5° with the direction of the chain of dunes. The direction of the pravailng wind



in this case r.y be seen from the direction of mcilon of the barchan dunes.

Sometimes a second vortex system is superimposed on the former system of
"longicudinal" vortices, This is shown for example in figuvre 5 which gives a

schemat'lc representation of distribution of clouds in the neighbourhood of x

troughline in the eastey.lies; the axes of vortiv s of tha second system seem
to be almost perpendicular to the ixv- of Vie m,-r. longitudinal vortices. One

nritces, thaL the wavelength in the wind direction is much larger than in the
trarsversal direction as it should be according to one of the main results of a

theoretical investieation by KOO (1963). FPLLER and KAYLOR (1966) have obtained

both these vortex systemi in laboratory experiments; they found that the spacing
of the t :ansversal vortex rolls is two to three times that of the vortex rolls

with axis In the more longitudinal direction. They also obtained cases with the

tw, vortex systems existing simultaneously but these pictures are not very useful

tc measure the two spacings and the angle 6 . Very reccntly the louble system of

'.rticas has been investigated in laboratory - by :'CT H ie c'.a7oz
the instable boundary layer by deceleraf'Ag a rotating cylindric tank. The experi-

ments are similar to those descriLed by STERN (1960). Plgure 9 gives a photograph
of one of his experiments; looking into the rotating cylinder filled with 1,ater,

the two vortex systems in the boundary layer will be seen marked by sana on the

grouna.

The purpose of this paper is to show how the forementioned angle E depends

on the two wavelengths in the more longitudinal and the more transversal direction,

II. The an.loy of the longitudinal vortex rolls to TAYLOR-G4RTLER vortices

and to thermo-convective vortex rolls

The longitudinal vortices caused by a, _.stability of the EKMAN boundary
layer are quite analogous to the TAYLOR-GORTLER vortices on a wall with concave

curvature or to the vor'ex rolls on a p.ane but hmated wall. The analogy between

the latter two hae beer shown by GORTLER (1959). The (negative) centrifugal force
in the case of a concave wall and/or the buoyancy force in the case of a he&ted
wos.l have to be replaced by the Coriolls force in the atmosphere. This will bo

shown for an assumed parallel shear flow in the atmosphere (not for an EKMAN shear

flow as it should be when Corivlis forces are acting).

in a coordinate system with a concave curved x-axis, the y-axis horizontal and the
z-&xis ir the vertical direction (as usual in meteorology) the equations of mot-on

and the continuity equation are:

(lb) + V 17, -+V. ~ Kw~~. j %,Iyf +y

(1c) 1I4 +3) V 'W 4 Y +(r1L(~ ) \,i w, +. +K~ ~w.

(1d) Y - U

Herein all derivations with respect to x are put zero since the x-axis shall be

the axis of sym etz for the longitudinal -mrticesi this means E . o for the

purpose of showing the analogy. The symbols ore choden as usual, R is the radiusI ___
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o0 curvature of the x-axis, f - . i e~n and f' 2.cobf the two Coriolis-

parameters with . the angular velocity of the barth and y the geographical lati-

tude4  ± the angle between the x-axis and the west-east di:,,ectiom and K is the

coeffivient _f micro-turbulent diffusion assumed to be constant. Use has been

made of the BOUSSI'NSQ-approximation, which enables to consider the buoyancy effect

due to the heated wall; To is the temperature deviation from the'rvalue in the

x,yr-pane. To close the system for the fiva variables u,v,wp,T* one needs
act-ey a fifth equation (the L-ergy equation). Th- is avoided by assuming that

T* fles not depend on z.

By restricting the considerations to a flow in the layer near the wali (i.e.:

z < C P) one h:'

ion «<  , << twi:<

by which 411 terms containirg R mar be neglected, except the term in the

eqt'tion for w.

Using a basic currert in the x-direction ( u Az), v - 7w 0 0 one

obtainos a set of four cquatkons for the perturbat tons u', v, W, p' . These per-
turbations are assumed to be of the form

(2a) - t)

(2b)t.t) T.~r\ ( ct

one obtains the, following wavenumber equations:

(3a) c Wt - K(K 1, - )

(3b) Zt . -w. V -

(3c) W+ (1,.d.usI TA ~

Aft-r having 6siminQtsd in (3a, (3L) and (3 % hv !n f rIg ues of (3d) and having
eliminated p by cross-derivation of (3b) and (3c) one obtains

(a 2

(4b)

A
The system (4a), (4b) for the two variables w and u shows the effects to be

studied by the three last terms of the right hand side of equ. (4t)t
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5^-

This shows, that the vertical component of the Coriolis force acts in the same

manner as the (negative) centrifugal force or the buoyancy force. This component

of the Coriolis force is different from zero as long as the perturbated horizontal

motion has a component parallel to the basic current and as long as the direction

of the latter one is not exactly meridional.

The horitontal component of the Coriolis force appearing in (4a) belongs to the

imaginary part of the equation, the term L ut has the effect of coupling the

two equations.

This conclusion is in contradiction to that one by BARCILON (1965) that the

Coriolis-force does not effect the stability at least for large Reynoldmnumbers.

For the system (4a, 4b) three essential cases can be distinguished:
A 4

(a) f - i- ' , T - o flow along a concave wm'l; on the right-hand

side of equ. (4a) only the third term is

acting, representing the centrifugal forces.

In this case (4a) and (4b) give exactly the

equations (2.4.1.) and (2.4.2.) investigated

by GORTLER (1940), if the real part cr of the

phase vslocity vanishes and the imaginary part

is put ci --

(b) f f' uo , R - flow along a plane wall which is heated

T > o ). Only the last term on the right

hand side of equ. (4a) is ielevant.
A

(c) T = o , R-* ce flow along a plane and non-heated wall,

Coriolis forces are acting, now the second

term on the right-hand side of equ. (4a) plays

an important rol*.

For the atmospher.c bourdary layer in general t%- - are thosw of case

c ), but often (mainly over land) the buoya,. !&o%. aut , the heated earth

surface and the Coriolis force act together in producing longitudinal vortices

in the unstable boundary layer flow. Photographs from satellites prove this in

showing well developed cloud streets which are interrupted over large lakes,
where thermal convection is prohibited.
Fo r the cond itiu ne ,A o i.sa ;. r t x r . . e b=e1 .... - - , n

laboratory perimcnta already by AVSEC (1939); it is worth wnile to mention that

AVSEC '.As obtained also transversal vortex rolls, of course in separate experi-

ments.

l _. ohe lengitudinal vortex rolls in the ZKMAN boundary lyer

In the EMAN boundary layer ( ,V * , independent of height) the bas~c cur-

rent is no longer parallel as a.lumed for the derivation of (4a) ad (4b), but

j(6b) FK
w=t - -
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or in a coordinate system ( , y z z), which is rotated about an angle E around the

z-axis and whose x-axis forms therefore the angle t with the direction of the

geostrophic wind Nx-axis)

(7a) 1K

(7b) = X j)..C.K~

In such a coordinate system, where the axis of the vortices has the direction of

the ;-axis (all the derivatives with respect to x vanish) the set of wavenwmber

equations analogous to (4a, 4b) without regarding the effect of a curved wall and

of thermo-convection is:

(8a) P

(8b) U..- A

Herein y' i the perturbation of the streamfunction in the (y,z) plane, !' the devia-

tion of the velocity component in the x-directicn; for both these quantities the

form of a moving harmonic wave is assumed

(9b) j '/-. ) - i ) 'l( -

With respect to the small scale o i vortices the variation ".,U with

q6OqLAphL..41. r j 4 t,_. nae oefJi neglocted (f y f , a
fy y

The lefthand si.A of (Ra) In the ORR-SOMMERFFLD equation for a motion in the

y,z)-planei the two terms on the righthand side couple the two .quaticns(8s,Sb).

For u and v and their derivatives with respect to a in ($a, 8b) the expres-

sions (7a) and (7b) have to be used. This has been dons hy T.TTXY (l96f . , c

the equations (Sa, 8b) numerically in order to find critical values of the triple
(Re, k, a ) for the transition ( ci - o ) from stable to unstable conoitions of

the EKMAN boundary layer. For the Reynoldsnmnber

(10) .

was used With k. x , see ( 6s, 6b ).

LILLY'S equations, of course, do not include the last term in (Sa) and the

last one in (Sb)i they are neglected as omen in meteorology for large scale

atmospheric motions. As shown in (4a) and (5) these terms may be impc. t&nt for

the formation of the vortices; there is some doubt if neglection is justified in
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this case,

Apart from this the ntmierical results show an angle a o 0 %1nve E is

also observed in the atmosphere and obtain:d in laboratory experiments, the que-

stion arises how this angle c (between the axis of the vortex rolls a;d the geo-

strk~rhic flow) uan be understood.

IV. The angle between EKMAN-flow and the geostrophic flow

A simp4-le explanation would be that this angle r is determined by the direction

of the actual flow averaged vertically over the tote EKMAN layer. As height of the

EK1AN layer one defines the height %N I where v(: see (6b), vanishes for thp

Jirst time, i.e.; 2-K

see (10). If the vertical rsan value is symbolized by

A
C . . . . . . . .-V.J- k " - -. ) k -

one gets for the averaged wind 6irection expressed by the angle

(12) tj t

Using (6a) and (6b) in (12) one obtains

and therefore

Another figure can be obtained for the angle betseen the geoatrophic flow and the

Wvi fl.A :IOW 1h 04C4 afthC re layer, 1. . for I~ -~ T-.

(13b) - ,

These f iqure for 1 axo some what saall compared with the angles obtained i.i

laboratory experiments or obeerved " the atmosphere.

V. The anale be~tn th" axis of the more longitudinal vrrtices aLnd the

basic current

in this section it shall L4 shown how the angle e is reltted to the wnve-

length of the mor* loogitudinal v-rticea and also to the wavelength of a 6uperimpo-

oed vortex vysta! it is aamftnd that the wtee of the two vortex system are ortho-

qoal.

4t



At least in this case of two exlstinq (orthoqonal) vvrtex systan3 it can b"

shocwn that ,Iso for ! parallel. <lear flow ( , o ) the anglo i * o tils

means E cannot be explained by a T 1 c as trie in section IV.

In the laboratory t'.e .. fact of Coriolis forces is mott easily simu? ate.' by

exporiments with rotating dishpans. This is also the reason for using a modified

cylioc.rica coo-dinate system consibtin- of logarithmic sptralt and rpirals .rtho-

gona: to them as m.y be seen in figure 1O; such spirals should be use4'ui to hanile

the vortex axes deviating from the circular basic current. The NAVIER-STOKES Saua-

tion and the continuity e .ation will be transformed int:o this coord.nato system

( (Y, Q , z ) starting from a system of pure cyiti£ir.ai coorainates (r,- 3 , z);

the transformation reiationm are:

(1A4a) -CTe

(14b) .

(14c) Z7

The parameter o( , more clear i n the inverse relations

(15a) ei-e

(15b) k t-

gives the angle between the logorithmic spiral and the circle by

(16a)

(16b)

('6c) - 111- 11, -

see figure 6. n the following the abbreviation

(17) -_= _ __ -- -

wi*l be used where

iX~a.b)

From 115a), 117) and '21a) it is seen thz

2.0) - " .. ..

With the &assptton K - const, necessary for vn MAN layer, the quations of

motion a.nd the continuity equation in the f Y, , )-system are:
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(20a) - + OL + L X ' -C 1^ -+

9T * "-0

(20W C +. + v. ' ,-

hA moqeneous meium ( -? ) is considered,
,iTha three com~.nentb of the vort~,ity are:

( l 1 b ) f l - ' .. - - ' "~

where (21a) gives the cuitponent p4Irpendioular to the ( q . )-plane and (21b) that
ona perpendicuilar to the ( ,)-plane, see figure 10. By aros-derivation of (20o)
and (20b) an equation for m ie obtained, by cross derivation of (20o) and (20a) an
equation fO ni in both quationsi the pressure is elminad. Considering averaged

values and small perturbationi (symbolized by bar and prime) one obtains the follo-
win linearized vorticity equationa

(22a) f~+l~ l~"r ~ 7 ~ 7 ~~L m ~ ~ L '

• -± - + ' II o. - - Knt L t

(21b) 'N 4 TU

j~ ~ ~~ ~~~~r +WU4*'W fV4 c 4 (- Z ~ri

(21c) [..



K rr

For the basic curremnt the asomption of a circular flow constant in time is mae

(23a) C.)

(23 ~V . C'A

whiah, of course, will not satisfy (20a) and (20b) for the mean values. une should

be aware of thati the basic current (23) will be used for the sake of simplicity.

Between the vector componerts in the two oardinate systems the following rela-

tionships are valid

(24s) A(. Az A - 7-0._

(24b) A Oz) A (, A.,

As a consequeace hereof regarding (23b) one has

(25) O=-cL

(25) has been used to replace all the quantities u, i, n, q and their deriva-

rivas by i or by the derivatives of 1 . Because of (23b) P - o .

Considering the T -spiral as the vortex axis and therefore an the axis of

symmetry

(26a) ( v') =

(26b) V ' =

the divergence in the (, 3)-plane will vanish

(27) + W. 0

and a streamfunction 7(, )can be used

(28a) WI /

4 /1

(28b) =

by which (21a) becomes

(28c) "I o Po

Quite analogous expressions are obtained when the Z-spiral is considered



f
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as vortex axis. The dez.=vations with respect to , have to vanish

(29a) (~~'.

(29b) U W o

The vanishing of the m "ergance in the (-,)-plane

(30) + 0W 0

allows 4** the use of a streamfunction , ez) by wh

(31a) , + '

(31b)

and according to (21b)

(31c) T'

Making use of (28a), (28b) and (28c) in (22a) one obtains a differential

equation forT'( ' ,zt ) containing also u'( 7,s,t ) as a further perturbation

quantity.

In the same manner using (31a), (31b) and (31) In (22b) a differential equation
for L'( e-,s,t) is obtainod which contains also v'( ',s,t). The two differential

equations are:

(32)I

+(A+ 1K

Str

+ + o

Acodigto(3a hebsc uretha ee peiid sax-yneri4i

P:K1 4oT11 +20) f7+g

I2t
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addition stationarity is now postulated for the basic current and for Its dependenco

on r it is aseuma

(33) '.) r

corresponding to the inner part of a NKMINE vortex. From (33) with (24b) and

%15a) one gets

34) _ A

Using the basic flow (34) in (32a) and (32b) in boLhA these equations teasf

with Is/- as coefficient, terms with l /e and term with will appear

but also terms which are free of r . According to (19) f /r is very small

if r is very large. By the eqsumption of very large r (which may be in conflict
with (33) valid only in the i nner part of a RANN vortex) all "ae terms obtai-

ning P/ and / may be negleoted. Hereby the two equations are much
simupler.

Equation (32a) containa and u', the sscond equation needed to close the

system is e '-. (20a) in linearixed fora for the perturbation u'x in this equation

the cohditions (26a) and (26b) have to be used and also p, - o

The form of a moving harmonic wave shall be assuead for the two perturbations

(35b) X, k T) (3L) tAe1.r

Herewith one obtains for (32a) and the just described equation developed from
(20a) the following set of two wave nuber equations:

(35) KM'..- t( 424-)' + ' y+ Y (-Lb)FV.- -By.,

(37) - KU,-i - B +~- -+ A+

On the other hand equation (32b) ontains #'and v'j here (20b) in lineari-

zed form and with regard of (29a), (29b) and p, o gives the second equation
needed to close the system. The form of a moving harmonic wave will also be

assumed

(38a) o +AT V +c

(36b) t V V

Herewith one obtains for (32b) and the formentioned equation originating
from (20b) a set of the following two wavenumber equations:

(39) Z Ave Ir
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with the exception of the following deviations:

(a) The sign of the first term in (36) is opposite to the sign of the

first term in (39)
(b) The zign of the first term in (37) is opposite to the sign of the

first term in (40)
() In the third term of equation (37) appears the faoor cc but in the

third term of (40) the factor -

cc

The first equations of each set namely (36) and (39) are acmplete~ly symmetric
in the inviscid case (Re - 00 ) Let us assume this for further comparison. This
is justified by the argument that the terms containing Tozz and/or %Z22

*-e considered to be less important.

Then the amplitude functions (z) and V(u) obey the same differential equation

as T(s) and X(3) i in both cases the transition to instability of the boundary
layer depends on B , B , Ss and f. If instebility occurs vortex rolls of both

systems should be formed where the wavenumber of the more longitudinal vortices

is (U and of the more transversal vortex rolls is ?. For a comparison of these
two wavenumbers one has to consider that V should be counted along e' instead t--OL

(41a) v ct w)

where

obtained with (15b) for c sonst. Therefore (41g) is

(41b) VC- (r

It I as been concluded that the two wavenumbers -a nd V vr) become unstable
at the sas time and have to equal each other with respect to the symmetry of (36)

and (39):

(42) A.)

(42) with (41b) gives the ratio of the two wave numbers (each on the same measure)

6.ace an axi-syasetric basic current has been chosen (23) one notices from figure

6, that l and E w 3_ L or with use of (16b)

(44) - a(.

Inserting (43) in (44) one gets the relationship between the angle E and the

wavenumber ratio

i l >-I . 1!-. . . . . . . . .
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The following tab.A gives few values of the wavenumber ratio and the corresponding

an g le E 2_4

0.5 5.51 11010,

0.72 4.17 13030,

1.00 3.41 160209

2.00 2.48 220001

It is eon that for tu observed angle F- - 13030, the wavelength in the longitu-
dinal direction OY is larger than that one in the transversal direction ? , it is

L - - 1.4 LI . The e"arimentm by FALLER and KAiLOR gave 2 r L.,/L -L 3

which would imply E * !1° according to formula (45).

VI. The verification of formula (45) by laboratory experiments

Recent experimenta by HORST (1969), very briefly described in section 1,

se* fig. 9, allow to measurc the angle 6 as well as the simultaneous wavenumbers
and v . This has been done for a total of 72 runs giving e , u ,' for varied

experimental parameters (diameter of the cylinder, height of the fluid, initial

circular velocity, vimicuty). Using the measured values of the wavenumbers (A

and -; in equation (45) a "theoretical" angle Eth has been computed and has

been compared with the measured angle E . The result is tshown in figure 7 where

the rather large scattesr~: of points is overcome by comprehending them jbr equally
spaced stripes. Indeed, ono notices a systematic deviation, however the mean values
agree very well

One should remember, that besides some other a3sumptions for the formula (45)
orthogonality of the two vortem systems has been assumedi In the experiments the angl
betwoeon the axes of the two vortex systems has not been measured, it is estimated
to be about 600 - 7001 this iy be a reason for the systematic deviation. Also one
shou. d keep in mind that the &gsumption (23a) of an axi-symmetric basic current is

inadequate for HORST'a experimnts where the basic curent has a radial. component

depending on height &.1 therefore is similar to an ERMAN boundary layer flow.

.i The orientation of clou -tr a d sif-dies

There is no doubt that the cloud streets are formed by more or less longitu-

dinal vortex rolls due to instabitity of the ZKMAN layer, ti, helical motion, of

course, will be tntensified .heti theraal oonveoction occurs anu buoyancy forces
are acting also. If both vortex systis are perceptible and the two wavenumbers
are *valuable (as for instance from figure 5) the direction of the goostrophic

flow can be determinedi this would differ only very little from the direction
of the mean wind At the cloW base.

Cloud -trets will be reorientated imned,.ately when the man wind changes its direc-

tion.
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A oomccletely different situation exists with r~Apect to the *eif-dunes. Those

are probably formed also by the helical motion in vortex rolls due to EZkan layer

instability. But the formation of asif-dunes taken a very long time in which climatic

changes are possible including onanges of the direction of the prevailing wind.

Therefore the orientation of seif-dunes should give with about 140 to the right %..a

direction of the wind averaged over 6ho whole time of the formation of these dunes
sooept those period@ in which the boundary layer has not been unstable. Comparison

of this direction with the wind direction given by climatological data of our time

should allow conclusions on long term climatic changes.

ginoe the interior part of the seif-dunes Is firm (only the sand of the outer part

can be moved by wind) these dunes are fixed. When KHANI layer instability occurs,

the formation of vortex rolls does not take place over a plane earth surface as
assumd in the theory of instability but over a$ waved topography proscribing al-

ready the angle a and the wavenwaber p in the lateral direction, for which the

aplitude of veloeity perturbations will amplify. This means only the wavenuiber

I in the more longitudinal direction is not proscribed directly by the topographic

features but, of course, is determined by E and according to (45). It should be

(46) E1 >

Some values of the wavenumber ratio are given in the following table

10 0.485 300 5.31

150 0.850 350 13.0

200 1.57 400 31.9

250 3.39 450 86.6

To give an examples if E - 400 and the wavelength in the transversal direction
L, - 3.5 ki, a wavelength in the direction along the dunes L , a 110 m should

occur. In figure 8, after CLOS-),W=DUC (1968), one notices long chains of dunes
showing a structure along these chains, which already have been out to pieces. It

seem possible to explain such a structure as the effoct of the superimposeO second

vortex system having a rather high wavenumber because of a large value of e . This

would mean that the prevailing winds which had originally an almost east-west direc-
tion (frm $50, whereas the chains of dunes run 720 to 2520) would have turned to get

a southerly component, say from 1100 to 2960 (i.e., a - 380 ) and .- awinod in that
direction. The effect of the superimposed second vortex system now is supported by

the basic current clearly shown by the sand blown to the right of the chain. It has

been for"d a Olefthand side typew of an Zlb (after CLOB-A"DOC 1968).

The use of the logarithmic spirals for the coordinate system in the foregoing deri-

vation excludes oases with a 0 o 1 however the reasoning is also possible for

a o and allows also an explanation of the so-called "righthand side type"

of an ib.

If the prevailing wind would change for more than 450 ftrm the original direction

the vortices with their axis in the lateral direction and the vortices perpendi-
cular to them would have to change their roles. In this case i and v would be

prescribed by the existing seif-dunes where (, would b4 determined by (45).

Zt is felt that the gross-features of seif-dunes can be explained by the two vortex

systems due to an instability of the ZIMAN boundary layer.
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F~.1Cloud 9.reets ove, Gei)rgia and South Car~olina as seen from an Apollo
space vehi.le

Fig.2 a Seif-dunes in the Arabia-n desert as seen from Gini IV.
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Fig.3 T11he formation of Fig.4 Isolated ar..han-dunes
cloud streets and selA'- showing an angle of about 250
dunes by longitudinal between the dire.;tion of the

vortex rolls (schematic) mean wind and an elb (after

_____________________________________________________________968)_
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Fig.5 Cloud distribution in Fg
the neighbourhood of a trough
line in the easterlies (after

ILALJWS end R0ONS 1960)

-f-A-

F41.7 Verification of formula Tig ef-6sn 514' y-(46) by laboratory experiments of sef-dunes &aher CLC-S-
after HORST 19691; Kud .n the Ap7:,7' :9668

fiLure mens P/ in the text
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Fig.g The double vortex system due to boundary layer instability as
produced in laboratory experimnts by HORST (1969)

02
Fig. 10 SchowAt~c reprzw 3ttion of th~e r , - dirAte systea



211

DIFFUSION IN THE ATMOSPHERIC SUPACE LAYIR : COHPARISON Or-

SIMILARITY THMORY WITH OBSERVATIONS

by

w. [lug

Technische Hochachule Dauetadt

Gernany

ost of this work was performed while the author was temporarily
vorking at the Atmoepherlo Turbulence an n ffueion Laboratory, N8&k,
Oak Ridge, Tenn., U.SA. This paper ws '"iginally publishod in Quart.
J.R.Xet. Soc., 2j, pp. 555-562 (1968) and is reprinted here with the
permission of the Royal Meteorolcgloal Society.



SUMMY

The diffueLn model utilizing the ideas of similarity theory for the

atm~ospheisrc surface layer is explained. The Surface layer is a layer
adaaent to theo Earth's surface in which the turbulent fluxes of mo.-

meavtum~ and sensible heat can be , ated &a constat. with respect tc

hvight, The surface layer is approximately 50 m in depth. - The re-

*ulto of the theoretical findings are then compared with coricentra-

tion measurements under know-n meteorological conditions. These d~i&

were obtained from Project 'Prairie Grass', where sulfur dioxide was
used as tracer. The results show that good agreement bet--en theory

and experi.ments can be obtained 'xly w1bin the 'lateral turbul-nce

level' G./U. is included through a regression equation.
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I. Introduction

During the last eight years a number of papers have dealt with the

application of similarity theory to turbulent diffusion in the atmoepherio

surface layer (Morin 1959, Batchelor 1959, 1964, Ellison '959, Gifford 1962,

Cermak 1963, Yaglom 1965, Pshofsky and Prasad 1965, Paequiil 1966). None

of these papers, however, compared concentrations as obtained by diffusion

experiments with the predictions made by theory. Most of them considered
the relative dependence on distance from the source but Pasquill (loo.cit.)

compared the vertical standard deviation of concentration at a fixed

distance (100 m) from diffusion experiments with similarity theory results.

The aim of t)As paper is therefor6 to compar6 the results of diffusion ex-

periments performed during Project 'Prairie Grass' with theoretical expecta-

tion. First, a short outline of the diffusion model utilizing the ideas of

similarity theory will be given.

TI. The Diffusion Model

The fundamental hypothesis of similarity of the statistical properties

of turbulent flow in the atmospheric surface layer - the turbulence of which

is assumed to be horizontally homogeneous - was given by Monin and Obukhov

(1954). This hypothesis can be stated as follows: In a layer adjacent to the

Earth's surface, which is approximately 50 m in depth, the turbulent fluxes

of momentum and sensible heat can be treated as constant with respect to

height. Therefore, the friction velocity u. (-u )4 and the covariance

between temperature and vertical wind fluctuations _w1r, which is proportio-

nal to the turbulent flux of heat, are the characteristic parameters of this

layer. Together with a buoyancy parameter g/T (g acceleration of gravity,
0

T mean temperature) they can be uniquely combined to a scaling length L

(containing vog, Khrm~n's constant k for convenience)

L (1)

which is the now well-known Monin-Obukhov stability length. The similarity

hypothesis assumes that for high Reynolds numbers (which are always found

in the surface layer with the exception of the very first millimetres

or so above ground) all statistical properties of the flow depend only

on the ratio (z/L), apart from any boundary condition which may enter.

We now consider the concentration distribution from an instantaneous

source. (Since we consider the concentration only at times t *d/u.,

the source can be of small size d). The marked particles are released

from this source at time t = 0 and the source is at the surface. If we

denote the mean position of the particles or the centre position of the

cloud by i (t), Y (t) and (t), then the concintration Xis at a point



21-2

with co-ordinates x, y, z and at time t, originating from a source of

strength Q wi.l be a function of the fol- ring variables:
is,

XI (x,',,.,t) - f(Qis x - (t), y - (t), z - (t), u.,1,,t). (2:)

It should be noted here, that in accordance with similarity theory the

only available lergth scale is L. Oince we have 8 variables and 3 funda-

mental dimensional units, mass, length and time, 5 dimensionless ratios

can be formed as follows:

Referring to the similarity hypothesis again and applying dimensional

reasoning, d! (t)/dt and dz(t)/dt can be obtained by the following re-

lations:

t (4)

where z is the roughness length and is inherent in the boundary condi-

tion i (z o ) 0 0.

CU - ( 5 )

where b is a dimensionless constant and f some universal function. Y(t)
3

can be made zero without lose of generality by symmetry considerations

and selection of orientation of the co-ordinate system.

By integration of Eq. (5) and dimensional reasoning we get

(6)

since i(0) 0 O, or

.. ? I(7)

Using Eq.(7) in Eq.(3) we obtain

. ... ....- 4 (8)L).

T"1 L L L 'L
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Introducing a new function f where f7 M /L) ° f we have

, I •1()

Since we have assumed a constant wind direction we integrate Eq. (10)

with respect to time in order to obtain the concentration distribution

for a continuous source and get

C6 ( , L L I(IMP (110

Changing the variable of integration with help of Eq. (4), Eq. (11)

reads

We are particularly interested in the concentration distribution at
ground level downwind from the source, which we obtain by putting

y = z 0 in f8. Furthermore, we notice that the distribution function

f. gives the particle probability with respect to the centre position

of the particles. This distribution function depends not only on the

relative position of the particles with respect to their centroid, but

also on the height of the centre above ground and therefore on time.

On the other hand, the function f 8 is a sharply peaked function for

valuei of (x - ) near zero. For this range of values, i (t)/L can be

treated as constant and we reach

Is D)- QC R -)(13)

using

+00
*-, (t ) , L .0 (14)

Two points remain to be invest.gated. The first is to express " (t) as a

function of x(t) and the second is to state the function f2 which is the2 j
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equation for +he wind profile. In order to obtain the first r tionship,

we use Zqs.(4) and (5) and get

CL No (15),
LL

II. The Wind Profile

It is assumed that the velooity of the centre of particles in equal
to the mean wind velocity, and that the function f2(i/L) can be obtained

from the integrated KBYP8 windprofile (Yamamoto 1959, Klug 1967). This
form of the vertical wind profile under diabetic conditions is based on
the same assumptions as mentioned earlier in this paper. The equation for

the integrated wind profile reads

'C II
where T is related to T/L by

4 - (16&)

and C is a dimensionless constant (0(- 7).

Monin (1959) has proposed from dimensional reasoning a form for he

function f3(T/L), which is related to the wind profile. Pollowing this

proposal we write

(17)

with f tihe derivative of f2 with respect to KT/L. Using relationship.

of Rqs. (16), (16a) and (17), we ow.ain for Eq. (15)

jeCL.~ii~ (. (18)

Since d ( /L) ( 3' 3)d I/r 4, we have

P',\L IIF (19)
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Integration oi _q.(19) with Zq.(16) inserted, yielis

- - ~ - ). (20)

This function was evaluated with the help of the ThM-7090-Qomputer of

Oa Ridge National Laboratory and the result is presented in Pig. 1.

For convenient comparison with earlier papers X oL2/(Qc*- k.C 2 ) isass
plotted in Pig. 2 ae a function of (a.k -b. i)/ ILI . The parameter of

the curves is OC zo/L. It should be noted here that for this purpose of

comparison f9 of Eq.(13) i± put equal to one. The results obtained differ

slightly from the results in Gifford's paper (1962) Figs. 2 and 3, where

the diabatic wind profile was integrated numerically.

IV. Comparison with diffusion ex2eriments

The set of diffusion data which seems to be the most suitable for

comparison with theory is the one obtained by Project 'Prairie Grass'

(Barad 1958). The wind profile measurements published were used to deter-

mine the stability length L and friction velocity u, after a method which

was proposed by the author in a recent paper (Klug 1967). No experiment

was used in the analysis if the standard error of estimato between the

observed and theoretical wind profile wasn > 10 cm sec "1 . With the proce-

dure mentioned, values of L and u, were obtained for each run and are listed

in Table 1. The concentration data used were those of the Laxisum concen-

tration on each arc after smoothing the original data.
The value of the constant b in 2q. (5) is stilj. en to question.

Several values between 0.1 and 1.0 have been proposed b; different authors.

We are using b a 0.4, a value which was advocated by Ellison (1919) and by

Pasquill (1966).

I
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The next step to take ir to determine the function of f of Eq. (13).9
Por this purpose it was assumed that

where g (0) - 1. G was then computed for those runs taken under neutral

oondit one

GX 0,0 - t Z ft)A (21)[X'% 
IAS.

The mean values of G for all runs taken under adiabatic conditions averaged

to GrOm - 0.09, Gloom - 0.12, G2003 - 0.13, G4O0m - 0.13 and 0 0.13.

The value of G increases oonsiderably from the 50 m to the 100 m arc, but

then remains fairly constant. This behaviour can be ascribed to the fact

that tlie source height in the diffusion experiments concerned was not at the

surface (as was assumed in the model), but 46 cs above ground. As Yaglom

(leo.oit.) explains, only when :he travel tire t;oh/u, (where h is the souroe

height), will the particles have 'forgotten, the source height where they

started from so that the effect of a non-sre source height will be negligib-

le. The values of G above were used to determine the function g(i/L) from

the concentration values.
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Table 1. Values of friction velocity u* [cm seo 1] and stability length

L [a]

Run u*IOM Seecl] L[J Run ' L.[om se"] L [J

5 43.9 - 19.0 41 26.1 23.1

6 50*3 - 58*9 42 43"5 4,084-2

7 35.4 - 4.5 43 40.6 - 7.0
8 33.3 - 48.4 44 46.3 - 11.7

9 52"1 - 18.4 45 44.3 - 38.2

15 25.6 - 5.7 46 40.6 228.9
17 24-1 33.5 54 28.5 37.0
18 22.1 16.6 55 43"2 293"8
21 440 150"4 56 34"5 69.2

22 53'1 133"6 60 33"1 44"0
23 44.2 95.9 61 60.3 - 9.6

35 27.0 30.5 62 40.4 - 7.1

38 30.9 40-5 65 32.5 30.4

When the values of g were computed, it turned out that there was

no correlation with 7/L. Instead, it was found that g remained effectively
opnstant within one run (if g were a function of T/L it would vary with
distance), but they varied considerably from one run to the next. There-
fore other relationahi2.were tried. A significant correlation was found

between g and 6/u (v' ) /u,. A plot of g in relation to 6,/u, is

given in Fig. 3. The regreeion line drawn in this figure is

S - 0,28 -/u* + 1.48

The correlation coefficilnt is-r = 0.84 + 0,04.

5. Conalusions

The results indicate that the model introduced earlier does not
include all pertinent variables in the dimensionaLl analysis. This forces

us to the conclusion that Eq. (2) should includ'i 6 in the list of inde-
pendent variables and Eq. (3) should therefore read:

Putting it in other words, the tacit assumption which was made in setting
up Eq. (2) was that all other variables which sa be left out in thism
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relationship depend uniquely on the variables listed. In our cane this

would lead to assuming that 6Vu, f (T/L) only. However, there seems

to be an increasing amount of observational evidence that this is not

true (see Lumley and Panofsky 1964). The foregoing results are an indirect

verification of these results.

After taking into account 6" by the empirical relationship aboveth

agreement between observed and calculated concentration is good. The ratio

R of observed to calculated concentrations is on average over all 26 rune

B50M , 1.01 0.04, R10 0m - 1.01 + 0.04.

R200am, 1.01 + 0.04, R4(0 m w 1.04 + 0.06,

R8002 W 1.00 + 0.08.

It aust be recognised that this good agreement was obtained only after the

empirical relationship G.g(6,/u.) was employed. It seas doubtful whether

such good results could be achieved by merely transferxing these results

to another set of experimental data.
There is still some discrepancy between the findings of the above

analysis and the results by P-squill (lo.cit.), who found that the stan-

daz deviation 6' of the vertical concentration distribution at a fixed
S

distance could not - under his assumptions - be preticted when using 3q..(5)

of this paper and a value of b w 0.4. Pasquill states, however,that a

'much more statisfactory correspondence' between predicted and observed

values of 6 can be obtained by changing b from 0.4 to 1.2. A possible ex-

planation of the discrepancy is, that by determining G in the above ana-
lysis (which has the same effect an changing b to a larger value), the

same result as Pasquill's ir already incorporated in the analysis.
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Figure 1 s Plot of dimenuionless height of cant;:* position of the cloud

against dimensionless distance from source for different at&-

bilities. Pull line- unstable, broken lines stab>.- strati-

fication.

Pigure 2 s Dimensionless axial concentration values as a function of the

Gimensionless, dowuwind distance. Pull lines stable, broken
lines ustable stratification. Paramieter values of t~s 0 /Lf;

fQ of 3q. (13) is put arbitrarily equal to one.
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SUMMARY

To simulate certain features of atmospheric and oceanic shear flows, some characteristics
of rotation-dominated laminar and turbulent Ekman boundary layers have been studied using hot-wire
anermometry and a large rotating table. The Ekrnan layers are generated on two 4.3 meter diameter
rotating circular plates by sucking air through the 12.7 cm wide gap between the plates into a central
hub with a large blower, Beginning at Reynolds numbers (layer thickness • core speed/kinematic
viscosity) of 100 or so we observe wave-like disturbances similar to Class A (also called Type U)
instabilities. The spectra of these waves and their variation with height and Reynolds number are
presented. Rapid increase of wave amplitude with Reynolds number was observed. As the Reynolds
number is increased above 200, the generkal turbulence level increases until the layer becomes
fully turbulent near a Reynolds number of 1000. We present observations off the mean profile in
the layer and turbulence spectra. eie find that the profiles are logarithmic and very similar to
profiles in the classical smooth plate layer. The proper scaling parameter for the spectra appears
to be the Kolmogoroff scale based on the local dissipation rate.

T 717.-----..-~~-.-..-.---......---
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NOTATION

a growth rate of disturbance divided by G

A minium detectable wave amplitude
A initial wave am:plitude

cr  phase speed of disturbance divided by V

S frequency, HZ

k wave nomber

K dimnelonless wave number * kD

L Kolmogoroff length a (V

r radial coordinate

R outer radius of flow

R e  Peynolds number based on V and D

Rec critical Reynolds r tumber for onset of wave instability

R0  Roseby number V/Z OR

S volume flow through blower

Sk  power spectrum of turbulence

Ue  friction velocity

u radial velocity component in boundary layer

v circumferential velocity component in boundary layer

V circumferential velocity in interior flow

Z vertical cooerdinate normal to rotating plates

Z0  robness length

a measured boundary layer thickness

disitpation rate

0 anudlar velocity of rotating table

kinematic viscosity

wave frequency divided by table frequency

0

4
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I. INTRODUCTION

The ir tabilities of the laminar Ekma.boundary layer have been studied experimentally
by Fafer and by Tatro and Mollo-Christensen. The most pertinent theoretical work is by
Lilly . Faller was able to visualiss waves which set in at a Rbynolde number of 125. The
Reynolds number, Re , is defined as VD/ where V u stream spK.d, J3 0 boundary layer depth,
and V a viscosity. He called theme "Type V waves. Faller and Kayior describe a "Type ]I"
wave which sets in at a Reynolds number of 70. 5The Type II waves have a longer wavelength and
higher phase *e'ed than Type I. In Greenspan's review, Type I in called c ss B and Type 11 is
called class i

.,1 L7 and Faller and Kaylor used different numerical techniques to study the problem and
obtained vsl,.s for the critical Reynolds number and some parameters of the "-aves. A com-
pilaticn of tperimer"- and theooetical results is given in Table 1. According to both experi-
mental sttiles the waves break un into turbulence at eomewha, higher Reynolds numbers; 200 to
500 accordang to Faller and Kaylor, ZOO to 350 according to Tatro and Mollo-Christensen. In
this paper we shall present the results of an experimental study using apparatus similar to that
of Tatro and Mono-Christ nsen. In addition to standard analo, techniques, we have used digital
data recording and processing to study the waves in more detail and to look at the transition to
tu"bLlence.

The Reynolds numbers in the earlier experiments were too small to produce the fully
turbulent boundary layer relevant to atmospheric shear flows. In the present experiments, we
have studied mean profiles and turbulence spectra for Reynolds numbers up to 1500, well above
the onset of fully developed turbulence.

II. APPARATUS

A schematic of the flow system is given in Fig. 1. Air is drawn in on top ca the table,
brought to the outside under plate C, made to flow to the center between plates A and B, and then
blown out up the center pipe. The mass flow was monitored by a pitot-scatic tube placed in the
blower outlet and a strain gage differential pres.ure gage. The table was rotated by a Graham
variable speed transmission at speeds continuously variable up to 105 r. p.m. The transmission
is powered by a three-phase motor which holds the speed as steady as the power line frequency.

Measurements of mean and fluctuating velocities were made with hot-wires near the
bottom surface of plate B, near the top surface of plate A, and in the interior flow between the
plates. The probes were inserted through one of a series of holes drilled in plate B.

A remotely operated probe traversing mechanism was used to adjust the vertical position
and orientation of the hot-wire probes. The degree of rotation was indicated by a potentiometer
and vertical displacements were measured by counts of a micro- switch triggered by a cam mounted
on the shaft which moved the probe. Each revolution of this shaft corresponded to . 0025 inches of
vertical motion.

Electrical connections to tha rotating apparatus were provided by two sets of slip rMgs.
A set of copper strips dipped in mereur)-filled grooves was used for both high power and low
noise circuits. A met of mochanical rings was used for less critical circuits.

The hot-wire measurements were made in two ways. For mean flow measurements, the
hot wire was connected to a constant resistance circuit (DISA Model 55A01). The voltage required
to keep the hot wire at constant resistance was measured by a voltage-to-frequency converter and
a counter. So. f the turbulence measurements were made by high passing and recording this
signal. When it was desired to make multi-channel recordings, sacl, ---s connected in
series with two twelve-volt car batteries and a 1000 ohm resistor for . t current" mode
of operation. The voltage across the hot wire was amplified and band-pas.- oand 0. 1 to 20 cps)
before th. signal was passed through the slip rings. Signals were recorded digitally on a system
composed of.a Vidar scanner, Preston amplifier, Applied Development Corporation analog-to-
digital converter and an incremental tape recorder. The recorder can make 500 steps per second,
so with twelve-bit accuracy and one channel, for example, ZSO numbers per second can be recorded.

IlI. THE BASIC INTERIOR FLOW

At the beginning of these experiments the apparatus was smaller than shown in Fig. 1.
The geometry was the same and the plate separation was the same, but the overall diameter *as
only 214 cm (measured to the last entrance screen). In the interior, the flow direction was found
to be nearly tangential. with the flow spiraling in at an angle of one or two degrees from tangential,
depending on the speed of flow and the rate of rotation.



Si
1' 2z2

If the Rossby number R0 (z V/Zr 0 , where 0 is the basic rotation rate) were zero and
the flow of infinite horizoatal extent, the circulation, ZrVr , should be independent of position.
(It should be noted that V is the speed of circumferential flo* relative to the rotating plates). The
direction of flow in the core would be exactly tangential with transport to the center occurring only
in the boundary layer on each plate. The circlation would be equal to S/D where S is the
volume flow througa the blower and D = (y/fl)t , the Ekman layer depth. Near the boundaries the
flow would be described by:

u = [sin(z/D) exp(-z/Di exp(-z/D)3S/(Z Dr)

v a [I-cos(z/D) exp(-z/D3 S1(2 Dr)

where u is the radial component and v the tangential component of velocity and z is the
vertical distance from 'he boundary. As z -. a , u- 0 and v- V.

This flow, which satisfies the equation of continuity exactly and satisfies the Navier-
Stokes equation in the limit of zero Roseby number, is an ideal Ekman layer bounding an exactly
geostrophic core flow. This flow will not be realized in the present apparatus becausc.: (1) The
flow is not horizontally infinite but must develop from the edge of the table and (Z) The Rossby
number cannot be made small enough. The effects of both development and non-zero Rossby number
on the circulation are as follows. Near the edge of the table the circulation (calculated in the
rotating system) Is very low. It increases as the flow develops inward an then decreases as the
Rossby number becomes larger near the center of the table. At the lower rotation rates the outer
idjustment region extends farther toward the center. Centrifugal instability seems to be the cause
of this long adjustment region. The circulation of the flow in the rotating oordinate system at
radius r is Zfr V(r) . In the stationary system it is Zirr V(r) + Zwr O , which in the ideal case
is equal to S/D + ZWr fl , At the outer screen, r = R , the fluig has not yet been accelerated
faster than the basic rotation so its circulation .s at most 2 aR 0. There must, therefore, be a
region where V(r) is such that the circulation decreases as we go outward. But centrifugal
stability would require the circulation to increase outward, so this region must be unstable. In
the adjustment region the hot wire signal shows very large oscillations indicating large eddies in
%e flow.

IV. BOUNDARY LAYER MEAN FLOW

An example of the measured laminar boundary layer flow profiles is shown as Fig. Z, At
a liven height the probe was rotated and the response as a function of direction plotted. The
direction of maximum apparent speed was found, and the speed measured at that angle. The zero
angle is taken as the direction of flow well away from th s piate. Measurements cannot be made
closer than about . 0 cm fron, ;he plate because of heat losses from the hot wire to the plate, The
measured boundary layer thickness 8 was defined as the height z where v/V Z 0. 8 which
corresponds to a i D in the Ekman solution. For most measurements, the v component alone
was determined by aligning the hot wire parallel to the radius for the entire traverse.

In order to investigate the variation uf 0 w.th radius, 8 was measured at several blower
speeds (below wave producing speeds) at several radii. There was very little variation of boundary
layer thickness with either speed of flow or radius at these low Reynolds numbers, a behaviour con-
trary to that observed by Tatro and Mollo-Christensen, who found a significant variation of thickness
with radius and Reynolds number.

At higher Reynolds numbers the boundary layer profile changes radically with increasing
Reynolds number. Turbulence smooths out the profiles and eliminates the overshoot, as shown in
Fig. 3. Actually, the overshoot persists to higher Reynolds number, but occurs at larger distances
from the boundary than are shown in Fig. 3.

At Reynolds numbers higher than those at which the above observations were made the flow
appears fully turbulent. The "waves" become lost in a smooth turbulent spectrum. The mean pro-
files lose their resemblance to laminar profiles, and the total turning of the direction of flow de-
creases.

Mean profiles of u &Ad v are shown in Fig. 4 in the form u/V and v/V vs. 10( QZ/u
This height scaling, by 0. 1 u*/ G , reduces all the profiles at one radius for various Reynolds and
Rossby numbers to one curve, but the profiles at a different radius reduce to a slightly different curve.
The boundary layer characteristics at the two locations could be expected to differ somewhat beca e
of variations in the radial pressure gradient.

The values of u used for the scaling were derived from the v profile by assuming the
straight line section to obey the relation u a2. 5 us loge (Z/Z ) .The roughness length, Z , turns

out to be about 0. 001 cm and the drag cefficient about .003. Although these profiles cannot be fit
with a smooth flow rhlatlon with only U as a variable parameters, the values of U*TA7r are
sometimes less takn 0. 1, which corresponds to the smooth flow regime in the non- rotating case.

1 : I IIII I
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The u profiles do not collapse nearly as wall to a single curve when scaled in the same
way as the v profiles. They do clearly show that the maximum value of u occurs much closer
to the surface than in the laminar case.

V. ONSET OF INSTABILITY

The hot-wire signal began to exhibit a wavelike character as the Reynolds number was in-
creased. Characteristic records are shown in Figs. 5 and 6. As the Reynolds number was slowly
increased, the waves appeared quite suddenly. The amplitude at girst increased rapidly with in-
creasing Reynolds number and then grew more slowly. With further increase in Reynolds number.
the waves eventually were submerged in a growing turbulent spectrum.

The critical Reynolds number was found by observing the waves on an oscilloscope to find
their approximate frequency, then feeding the signal from the hot-wire through a Krohn-Hite base
pass filter with both cutoff frequencies set at the wave frequency. The filtered wave signal was
then fed to a Hewlett-Packard voltage-to-frequency converter, which gives a pulse rate proportional
to the magnitude of its input voltage, regardless of polarity. The pulse rate was then averaged by a
counter for typically 100 secs. The output of the counter was plotted against Reynolds number until
a sudden increase in reading showed that the waves had started. Critical Reynolds numbers mt-
sured in this way corresponded exactly with these taken from complete spectral analyses.

The critical Reynolds number for the observed waves seems to depend on Roseby number,
or at least on the radius at which the observation is made. Figure 6 shows the critical Reynolds
number as a function of Rossby number. Tatro and Mollo-Christensen found an apparent radial
dependence which was removed when the measured boundary layer thickness and tangential velocity
were used in calculating the Reynolds number instead of D and a velocity based solely on the total
mais flow. Our critical Reynolds numbers, which were computed using the measured tangential
flow, and the measure, ents of boundary layer depth shown in Table 2 [which shows no measurable
deviation from (y/,I )|Ildo exhibit an apparent variation of critical Reynolds nu hber with either
radius or Rossby number. This may be explainable through a remark of Faller that apparent
variations of critical Reynolds number with Roseby number in this type of apparatuis might be due
to the fact that as the disturbances grow from infinitesimal amplitude, they move into regions of
higher Reynolds number. The apparent critical Reynolds number then will always be higher than
the Reynolds number at which they started to grow. The increase will depend on the Rossby number,
according to this relationship:

R2  R. )R - 2 cr
R "e )( R ec) a R0 log (A/At)

where R = apparent critical Reynolds numbere

Rec = true critical Reynolds number

R0  2 Rossby number

cr = phase speed divided by tangential core flow

a a growth rate of waver 'ivided by 0
A Minimum detectable amplitude of waves

A C amplitude of waves when they start to grow.

When the data shown in Fig. 7 is fitted to this relationship in a least squares sense, we
find the best fit with A, S. 7 * 3 and A/Ac S x 104'. It might be noted that the determinations
of critical Reynolds nuze were made by increasing the blower speed with rotation rate constant
until the wave appeared. This procedure increases the Reynolds number and Roseby number pro.
portionately, so we approached the curve of apparent critical Reynolds number vs. Roseby number
at an oblique angle. This may be the cause of much of the scatter in the points in FII. 7.

VI. INSTABILITY SPECTRA

Spectra were calculated from the hot wire signals by processing the recordings made as
described previously on a Control 9ata 3600 Computer. The techniques uAed to compute the trans-
form are as described by Haubrich , except that the Cooly.Tukey algorithm was used t shorten
the computations.

The spectrum changes radically in the Reynolds number range 100 to 200. Figure 8 shows
the effect on the spectrum of incresing the Reynolds number from 1U4, just at onset, to 320. At
Re a 320 the waves no longer stand out from the general turbulent opectrum, which seems to have
an onset point of its own. Figure 9 shows the varia,. n with Reynolds number of peak energy
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(energy in a ha.,, zentered around the s ictral maximum) in db and the energy at 6. 5 cps. The
waves start first and stand out well &L ve the noise until Re - 300 when they appear to lose
energy to the turbulence.

Figu:e 10 shows the relative energy in the waves as a function of distance from the boundary.
The shape of the curve, especially the sharp minimum between three and four Ekman depths, com-
pares quite well with Fig. 12 of Lilly's paper. At Z/D - 3 both horizontal components of the
"orbital velocity" go through minima according to Lilly. The maximum, Z/D - I , is also con-
sistent with Lilly's picture.

The peak width. in Fig. 8 are typical. The 0 of the peak is always 4 to 5. The center
frequency, f 0 , seems to increase with Reynolds numbers, but not sharply. The quantity 0o0 2f0 /[I
should be dependent only on the Reynolds number [2wfo/0 = (2 f/0)(crVk/ZyD) w c.KR. , where
cr is the dimensionless phase speed used by Lilly]. The measured values of ro e plotted vs.
Reynolds number in Fig. 11 and the values of frequencies for Type I and Type II waves as predicted
by Lilly are plotted for comparison. It seeme clear again that we are observing waves similar to
Type 1I. Correlation of observed spectra (particularly peak frequencies) with the growth rate dia-
grams of Lilly (Figs I through 8) is very difficult because: (1) The oscillations at a given frequency
re produced by waves which have many different values of vector wave number. Figure I shows
diagram similar to Lilly's Fig. 7 with contours of o . The lines of constant frequency cross

the contours of growth rate in such a way that, for example, o a 10 for waves close to both of
the two maxima of growth rate. (2) The waves are observed at Reynolds numbers much above Rec;
they have grown by a factor of about 50, 000 so one has no right to expect a linear perturbation cal-
culation to be applicable. (3) Even if the analysis were applicable, the calculation of the growth of
the waves would require following their progress through from the first Reynolds number at which
they become unstable to the Reynolds number at which they are observed. The largest amplitude
wave at a particular Reynolds number is not necessarily the one which has the highest growth rate
for that Reynolds number, but the one which has grown the most through its entire history.

VII. TURBULENCE SPECTRA

Figure 12 shows amplitude spectra of the hot-wire signal at Reynolds number of 1340,
Roesby number of 1. 20, measured with a spectrum analyser. Each line represents data taken at
a different height. The turbulent energy Is clearly contained within the boundary liyer; it decreases
by a factor of over 1000 as the height is increased. When the spectra are rescaled by Kolmogoroff's
first hypothesis (using length and time scales depending only on Y and c . the local dissipation
rate) and using the dissipation in a constant stress boundary layer (C a I, /(0.4 Z)), they collapse
into or,, curve, shown in Fig. 13. If the Reynolds and Rossby numbers are varied, the spectra
change, but the same scaling seems to work.

VIII. CONCLUSIONS

1. Despite the uncertainties involved in comparing observed spectra with growth rates
calculated from perturbation theory. it is clear that we are mainly observing Type U waves be-
cause: a)The critical Reynolds number, when corrected for curvature (Rosaby number) effects,
is very close to previous results for Type U. b) The central frequencies of the waves are in-
creasing with increasing Reynolds number as in Lilly's calculatio for Type 11, rather than de-
creasing toward sero as his calculation shows for Type I. c) The variation of wave intensity with
distance from the boundary (Fig. 10) is consistent with the eigenfunctions shown for Type 11 by
Lilly (his Fig. 12). However, the difference in this respect between I and U is small.

2. We are evidently seeing the waves emerge from the general level of disturbances in
the flow after they have been growing for some time. At a given frequency we see waves with
many different wavelengths and directions, some of which may in fact be of "Type I. " The die-
tinction. becomes somewhat blurred at the higher Reynolds numbers; growth rates vary by no more
than a factor of two along aline in Fig. 11 between the most unstable modes of each type. The
waves observed by Tatro and Mollo-Christensen seemed to have higher Q's , as their chart re-
cordirs do not show the "modulation" characteristics of wide-band signals exhibited in our Figs.
5 and 6.

3. The vertical scale of the turbulent profiles is us/ .

4 The proper scaling Lctors for the spectra are Kolmogoroff length and time scales
based on t: local dissipation rate for the constant stress boundary layer.
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TABLE 1

Theory Experiment Present Work
F alle r

and Faller,
Kaylor Lilly Faller & Kaylor Tatro & M-C

Recrit 110 125 * 5 124.5 + 7.32 0

XiD11 11.9 10.9 11.8

* 0 0
Type 1 +12 8 +14.5 * 2.0 +14.8 ± 0.8

V /V .094 --- 3.4%p goo

Recrit 55 --- 56.3 * 116.8 R0  56.7

X/D 21 22 to 33 7. 8 * 2" 0 (frequency)
* 0

o  
08

Type 2 -200 +5° to -20 0 to-s 61% of that
predicted by

Vp/Ve o  .57 -16% Lilly

q is angle between wavufront and the "Tangential" direction.

Results of calculations and observations of instabilities

TABLE 2

PER .322 D .230

Radius RE R0  O/D

cmn

97 33 039 .997

50 . 0595 . 96-

64 .076 .988

77.5 .092 1.000

90 .107 .965

103 128 1.010

123 146 " 1.035

36 52 .166 1.014

92.5 .296 1.028

131 .418 1.108

Boundary layer thickness

* .-
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t, ncsi-eetomsutlo probmea relate t mospherio shear flows an b-AC.ty 4iviAeA .to those
Of the offset of the sirfow itself an wdr sutal oonditims and those of the affeotf of the six-
low am stractues immersed i it. The fL-st oasteeM Inlu4de wind shelter, smoke dispersae end
ala Pollution, e4 the now at wind in and &ad builing oompleaea. Fj far the most important prob-
lem in the seond oategar7 relate to the desin of structures against the loading. due to wiad.
law m&W bulldins uAn struotures o Aeratian ot the time-averped wind loads is sufficoioet but
with the modiesr taeneny towards more sleader and lighter struotures using methods of fabrioatioa
%toh pwodne less struotue dampin , thq have becme mare prne to respond to the unsteady wind
l LOdn e wi.. arisen either directly from the fluctuations of wind force due to the turbulenoe of
stmeospheri sheer flows or to the inherent aerodynamic instabi ity of the structure.

On Important peoeaes of atmospheric windls in the above problems ar the variation of the
Wind speed en direction vith height, and the aharsteristios of the turbulence and their dependenae
on.h eig. %@se properties vaz with the terrain oier whioh the wind flows and ith the strength of
the wind 8ome of the effset& af the speea profiles and of the turbulenoce of atmospherio shear flows
an mae ia el said wn loading ar briefly discussed.

.. .......o.....
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1. Izitroduotiocn

Znaa uo h a atmospheric aoar flows form & pert of our olimatological esirent it is eel-
dent that their influence and oonsequently the related prob1ame mst be widejeso d indeed* omever,
in this review discussion will be limited to saw of the problem relating to the building sad
oonstruotional industry. The" can be oonveniently regard" as falling into two oatgowrilsI
problems associated with the airflow itself, and those omoerned with the effects of the olrf. an
the building or structure. In the first oategory are the probleme of wind lter, of I
dispersal ana air pollution, and of the wind environment around and throgh building ocMpim|ees, tm
centres, et, In the secoond category are the problems of wind ledings c buildings an srueu ses.
For the design of aome structures the time-averaged wind loads auffie, but for others, especial'y
for those of slender, lighter construotion employing md n asibe fabricatien .teb provide enl
low amounts of structural damping, the unsteady wind loads leading to an osoillatay respomne wat
enter into the design considerations. Such unsteady wind loadings mmy arie directly ftom the
fluctuations of wind pressure due to the velooity fluctuations of ta.ent wis or t i &OWNe
of aerodynamic instability.

Smoke dispersal, wind enviromment, st.ady and unsteady wind loadings are all influnced by the
characteristics o atmospheric winds in the earth's boundary layer. hese obaracteristios var with
the terrain over which the wind flows, .4 thus the response of a struoture to wind and the other
wind effects mentioned above will di 3r considerably according to the site on which it is
constructed.

2. Relevant Characteristics of Atmosherio Shear Flow1

The characteristics of atmospheric shear flows which are relevant to the problems of moke
dispersal, to environmental wind conditions, and to wind loading of structures are basically the wind
spead (and/or wind pressure) and its temporal and spatial variations. Temperature gradient is
significant only in so far as the lapse rate influences the wind speed oharacteristios. While
meteorologists have provided much valuable information on the mean winds speeds, not enough is known
about the turbuldnoe structure in the atmospheric shear flows. However, a ==ber of investigations
have been made, or are in progress. The following resume of generally &ooepted oharsoteristios of
the atmospherio winds for adiabatio lapse rate conditions is largely due to the work of Dave -port 2

and Harris"a .!e supportin . evidence is not always very strong t-ad odifioations can be expected as
more information becomes available.

(a) Wind profile

A power law expression for the variation of man wind speed with helot

V a a
- U (.- ..

G G

(Vs andV are the mean wind speeds at local height a and at gradient height 2)is more convenient
than the usual logarithmic profile expression in equation (i). The exponent e% and the gradient
height, depend on the roughness of the terrain, as in the following Table I.

Type of Terrain a G K
21etreas

Open terrain with very few
obstacles: open grass or
farmland with few treec or 0.16 300 0.005
other barriers, prairie, tundra
desert, low islands, eto.

Terrain uniformly covered
weal obstacles 9-15 in high: 0.28 4 0.015
residential suburbs, mall
towns, wordland sorub, eta.

Terrain with large and
irreglar objeotat oentres of

largo cities, broken country 0.40 560 0.050
with windbreaks of tall trees 4
eto.
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K is the surfae drag eoeffioielt referred to a height 10 metres. Xu a t where w, is the

Inolds shear stress. 0

The gradient height is defined " that at whiah the wind is froee of the eaath's friotional
influemme, Because of the dra of the earth's swrf the wind direetion does not remain constant
welheight but veer* awa fca the eentre of depression as the he*4ht 104"ese. A tbeeratieal

analysis by Sman s4gests that for the %ity oentr terrain this veer could be " moh a 45 d egms
but sasuremient suggest that the atu#Al veer mq be seewhat less then Its theoretical value.

he flutuations of windspeed. due to tuxtulenoe reerssed s power spectra. Per longitudinal
tusivlonoe a norualleed turbulence spectrum is usaed ich is asatmed independent of bfigt, wind
speed ad terrain rouaess. this standard spetrum in the torm rugested by hrris is

0 x
. _ ... (2)

where n is the frequsn

Sn (a) is the power speotral density totion o the lug jmhe ou g eaem enot at a a

K is the surface roughness ooeffieent of the terrain (see Table i)

I, is the mew windspeed at height 10 metres

I• az ! where L is an arbitrary length to whiah Davenport assigned a value of

1200 a.

The above exjession yields the mrawoe s o 2  as

,u W 6.7 . ... (3)

and ombining this with the "i~eseion for the power law profile yields the profile for the
tbabulenee intecsit.

.)... (0.)'

and fo the integral length seasa of the 'Wzbileacs

1005*io ( metre *

So ebove data relate tU the properties of the Uutulence and sean winspeed at a point In
spae. The design analyses fcc ebuatures require a knoledge of the spatial eosrelatinse of the
Uwbulomc, said particularly of the lateral sAd vortioal oorrelations at the lngtUdinal oomponcts

or turtilenoo (e~ stAd L4). Mleasurements of the vertical1 ecels of the longitudinal (L or of

s ao

toe ltersl (L') 7-  oe nts of the turbulence in open oountz7 reported by Harris gaves values of

L: . 60 A ms 72 a appraoiately st. h hts of 100 ad 1 a respeotrv ly. The uss of L at

oeenepmding heights were 29 a and 3 a. Alternatively the spatial earrelati m aay be expressed by
the oeerenoe, which is besed an the amalised roes-orrelstion speotrel denAi function for
individual wave membre. If we ipare A out-of-phase oapenect of the orose-speotra,

sn (s,,aq/Y

- - - - - - - - - - - - - - - - - - - -m I i l l ll-- - - - - - - - -- - - - - - - - - - - - - - - - - - -O i

02he relation (2) is ver W lar to te f am uggeseted by von laran to describe isotroplo tuirbleoe.

i-



23-3

and$ assuming hcoogeneous turbulence,

and hueegV

.... (7)

For the vertloal ocrrelation of the longitudinal oomponent Davenport haa given the following
relations showing the dependene of the ocherence on the wave number and the distance apart

As s . a

Voobereno e ... (8)

The coefficient k depends on the reference velocity used and on the terrain. With te
referenc velooiV at the standard height of 10 aetres the available information WAgeeta that kn6
for built up areas and k - 7.7 fcr open contry.

3. nThuae e Prtfile Ad Turbuleno. on the :ine-averjAed yad Loads M Sftaetufea

Most design procedures for buildings and structures are based on time-averaged wind loee
oaloulated using design wind speeds which are the maxim windspeds ever"d over a specified ahort
period of time *Ask ae imsnaeL ly to amr at tIe site, e ts peima m YW tm
a few seconds to scmral minutes but is always msah shorter than thie minim- of 20 minutes reqmired
for atmosberio winds to become quaai-stationary in character (so that fluctaations with time-soals
less than 20 minutes can be regarded as contributions to the turbulence). The adoption of a de
wind speed based on a period of less than 20 minutes therefore contains an allowance, or a =aat
fact-or, which takes same &count of the increase in mean wind speeds of short duration gars. The
design wind loading obtained is usualty assumed to apply uniformly to the whole of the struoture and
takes no aooount of the inooherence of the wind speed along the ler4th of a horisontal (or vertical)
structure of lenth mauch greater than the lateral (or vertical) scale of the longitudinal owponexnt
of the turbulence. This inooherence results in sco reduction of the total wind loading when the
design wind speed is based on a eart-duration gust period. However, the turbulence also affects the
wind fore and pressure ooeffioients through changes in the mean airflow. In the following discussion
of these effects the ooeffiaient are referred to the mean wind speed averaged over a long period of
time.

earWan 5 has examined the influence of intnsity T nd scale of turbulAmo L on the
base pressureA behind a series of flat plates of meal apect ratio set normal to the strem. Par a

range of the product .  
_ trfm 0 to 0.09 (whre A is the area of the plate) the base

A 7
pressure ooefficifuts all collapsd =n to one ous-e with a maximm Increase of the ba" v m4rpresure*
coefficient - of sbout 30 percent, which represented an over&U dreg coefficient inorease of

about 10 percent.

the influence of turbulenoe on Os bee peure oetffi to A a long square section priim7 is
ahom in Figure i MT very large reduction in the value of -c n hab ulet winds is attributed
to the bualme in the apprasohing stream oeaualn the sh laqera to re-#ttah ean the aide f"ae
before separating again at the corners. T differv-es at t*e .m inc1s.. represet
rowt s at about 30 peort In the dr; this reduction, ismyr, is not maintained at the
hiofr a stst on rectacuelnt of thL& e st,. s a hiar layrte mae.t or .ooettie Ae the

Ob h fle r the swire section blocn (J, .0) sam be flmpcret atn thesiftn trlent 'lowo

for which the intree wa itbut 10 perent am th.1sethe longtubal md lateral scales of the
loogtudi" nal oaonats to otex h redin bnd in/ its -13rspecvs oooinlnti. Thep tae

deiaa aloe bungste that for the vro i inold t moerm at which te tes were catied out,
trbulence s not rde the drag of cir-nlar F 2 edndere.

i he infmle e of trbulear e en the a irlow ova irc ar- oip r woild te ineotad to hr fost
marked near the fritieal the vl loer. This is supperted b i the resulto presented in t. in

wbioh the critical Dayolds amber Is shown to deorese progresively as the intanusi or turtulone
increases. erm 5 haa used the results of Pis. 3 to show that the aritie&l Reolds amer for a



23-4

twodamensioal cylinder is a function nf a turbulenoe parameter (me Fig. 4). For

y
this purpose the critical Reynolds mser -. ,a defined as the Reynolds number at whioh the value of

falls to 0.B.fIe evidence for asesa.. tx.,U ifluenoe of +urbulence on three-dimensional cylinders

(e.g. chimney stacks) is scanty. The results of Pig. 5 suggest that turbu_ .ioe produces some reduo-
tion ln the overall drag coefficient even at muoh higher Reynolds numbers in the transoritioal
rmp.

Xn addition to the turbulence properties of atmospherio winds the variation of mean wind speed
with height :V have a marked. inf.isoee on the pressure distributions and on the over..1 forces due
to vw . In most of the wind-tunnel investigations which have been carried nut with a wind profile
the profile has been produced by a grid of rods or by surface roughness. Since both of these
wethods also Introduce tubuence it is difficult to assess the separate influenoes of turbulence and
prafle. Tu pressure distributions n the walls and roofs of low-rise buildings in sizulated
abosa ghewi shear flows are dependent on the flow characteristios and are often markedly different
from thee obtainsd in smooth uniform flow. In particular the very high underpr esures often found
on low-pitehed roofs ;a moth uniform flow are reduced in the ataospherio shear flow and this
redution appears to be in part due to the profile and in part due to the turbulence. For mae tests

an hijh-Ais building bloods Baines produaed a profile using ourved soreens with oansequent little
increase in the turbuleae. 's.th this arrangosent he found that the surface pressures* along the
eentri-lim o the windward force increased w4_h height as the square of the windapeod at the local
hekiot. The mdrpreeelre an the leeward fae reamied oonstant with height at a value determined
by the pnsue over the root. The overell drag and oembaIag monent are, as ooeffioients of a
building wmoud be *xpeoted, less in gradient than in uniform winds if the refertnoe wind speo is
taken as that at the top of the building. Typioal and the reductions for a reotangular building
133 a (high) by 70 a by 21 a shoamn below (the reference area and height are the area of the wide face
and the total height)

Wind normal to Wind normal to a
a wide face narrow faoe

CDC, C ) JC

Utifam. 1.25 0.62 0.29 o.17
flos

TurbW ent 0.5 '".19 o.i2

Aasw ments at the pressure distributiacn around cooling towers In smooth unifor f and in
tuaUdent shear flw show r edotimn in the peak underprsseure at the sides and in the base under-
pravsn In both auharitloal and superaritioal airflows.

The variation alo= the height of the rstio of the section&! dra& ooeffioient at local height to
that at WA-beight &bo in Fig. 5, 1. of ese interest. It shows a reduotion of the drag ooefticients
%W about it, perent when Aulenae of sbout 6 peroect is introduced into the stresm, and also
eaeidehle non-unitma ity in the distribution of reg, with a sharp peak near the top of the steak.
This peak on a %/% plot it, as would be expected, such higher in the gradient than in the
nForem winI.

. D hx~e F~=Lbl 5t~reeto te z~tion1 of ktndaA Frluot~tna

I& this sotion we are concerned only with the direot forcing Z en elastic structure by the
ram& fwtuations of the r* 4 faoes due to turo4'let ide. T1he response of fleibls struot, r"es
to am ineremt ewro4mmio inatebillty e Ahni m will b. dieuased in the naert setion. both of
them oaillatory response probloaa have beom incre singly important with the adoptlon of modern
metb e of fabrication whia have led to li4ghter structures with less irherent struatural dpin and
ales with tL tenn 1mQA bUt eW nd more alender strutxrov than hitherto.

eProssure In this context defines the difference between the pressure or the s4rfoe and the static
pessre of the approahing wind. han ths is neative it is referred t- as an underpreaskure.
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Because we are now dealing with the random properties of tur'llenoe we are oonoerned with the
atatis+ oal averages of both the input excitation and the output deflection response, the "rM
force or. the structure will have a mean and a fluctuating component and the response will also be
time-dependbnt.

-.,- i

For the simple linear sin'idegree-of-r-reedom system shown in Fig. 6, the differ-itial
equation of notation is

ml + o4 + kQ - P(t) ... (9)

from where we can separate a time-averago response P/k and f i the fluotuating coaponent
write

mq + ol+kq =p(t) ... (10)

If p(t) can be expressed in terms of a ei-ectra& density function 8p(n) such that

p =) -?'(z) d,. ... 0 1)
0

th, response is given in terms of another spectral density function 5q,%n)

* f 3q(0) dn A ..(2
I0

ka

vher r H(z)j' is the tre..sfer funotion beten the j-pm speotal aensity frnctians for q(t) and
p(t) and Istw~i the rtructural amdttarnoe. For the system of Fig. 6

-Hn I -- --- - -- - - ... 0 )

uhere n,, the nAt~l~~ xr* niy and . .. the critical IW.ing ratio.

n expression for the fluotuatir4 force on a sail area A is

V A'
P(t) a ..

6t D.
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where V(t) . V + u(t). Nelecting te v.rtual mass term Cm  &:d the terms in u(t)2  this i)Ids

p t ... (16)

pit) P Vp L u't) ...(f 7)

and a relat.on between the force bpeotrin and the gut spectrum

p(n). . .U(n) ... (18)

The exp ession is valid only for a "point" are.a here the turbulene scales are vioh greater
than the typical dime-nion of the body for the roro tractical cane where the Amensicaz of the

atructure and the turbulence scales are of the saze orler Davenport9 introduues a factor !x(n)'
termed the "aeio"ynamio admittance", so that

S(n) 4 Ix(n)l U(n) . ... (9)

Ix()' is a -.inction of ni/ and where D is a linear dimension of the body, and fo either

n or D equal co zero IX(n)I1' i. Cbining eqution (i9) with equation (3) the power speotrum
of the response becomes

Sq(n) 1+ i,, Ix( )' 8Un ... (20)

-4 JH(n)V jX(n)I' - . e'(n)

or in a normalised form

a 0q(n) n K°n)
-- = 1 I(n)I' 1x(n)1' ---- o'" (21)

The procedure for obtaining the power speotral dens.ty function S(n) is illustrated by Fig. 7.
Then the variar'e of the def. ction

q2= f (n) . d,I 0
I n SR(n) a_ logf~n) ,.(22)

is given by the area under the ouive of Fig. 7(e).

If the probability distribution function is known or can be assumed (e.g. a gaussian distribution
is usually assumed), further Rtatietioal information of interest to struot ml designers can be
derived, including the number of times Lhe deflection q(t) e~oeeds a specified value in a presoribed
period of time, and the maximum value of q(t) in a proscribed period of time.

A main probleis in the calculation of the response by this method is that ,i evaluating the
aerodynamic admittance ix(n) V. For large buildings the lateral and vertical scales of longitudinal
components of the turbulence have a marked influence on the aerodynamic admittance. There is little

theoretical analysis applicable, but for flat plates normal to the airstream Viokery 0 has had some
success with a "lattice" model, An which it is assumed that the plate is composed of a uniform lattice
grid with mombers of small width compared with the smallest wavelength of the velocity fluotu&tion of
interest, and a mesh spacing large compared with the width of the members. I+ also assumes that the
preence of the plate does not influence the velocity of the airstream approaching the individual
mpmbers of t.a "lattice". The force on air element of the lattice in tAme dependent flow is written
(equation 15) a v(t) A'

P(t) = *pV(t)'ACD+p ------.-.... - (23)
a t D"
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vnere D is a body dimension

A is a reference area for the Virtu ass aa . che i.ag oosffioients, C a CDo
respectively.

Viokery's analysis then gives2

i' = 1+ - - hga,b,) dA.A

where 1~aaan dA b are elerenta of area of the plate and ? Ia,b,n) =!A ±Ithe rirmlisd

crcss-spectra!. density function of velocity. For atmospheric turbulence

Xo(abn) = exp -75os ... (25)

where rab is the distance between two velocity measuring points. ickary's theoretical values of

!-(n)l' for square flat plates and their dependence ou L/D and frequency parameter are given in

Fig. 8. Measured and theoretical values of x(n), together with the following empirical relationship,
are ccmpared in Fig. 9.

1
X'(n) =. --- -- ----... (6

/~ ~21 )4/3

Detailed disc,:ssion of the fluctuating forces on flat plates, and the results of more recent
research at the NPL are presented by P.W. Beaaman* at this meeting.

The method outlined above has been extended to apply to simple linear systems suh as self-
supporting lattice towers but also to sheeted-in structures (tallbuildings).

For code purposes, methods for determining a dynamic "gust factor", the ratio to the mean wind-
speed of the steady wind speed required to procuce a static deflection equal to the maximum deflection
produced uy turbulent wind, have been suggested for the use of structural designers. Such gust
factors take into accol.P+ the nature of the terrain inasmuch as thi- influences the characteristics of
the atmospheric chear flows, the fundamental natural frequency, the structural damping, sad the size
of the structure. Typically, for city building blocks of heights over 60 m and structural damping
ratio c/oc = 0.02 the design wind speed based on the iynamic gust factor approach mentioned above
would exceed that based on a maximum iO-second gust speed using the static approach. For lesser
heights the static approach gives more conservative loadings than the dynamic approach.

5. The Influenoe of Tu- iulence on the Arodnaoic Stability of Structures

There are a number of aerodynamic mechanisms which can excite oscillatory or divergent
instabiliti s uf structures.. These mechanismz do not require the forcing action due to the fluctua-
tions of wind speed of the apprcaohing stream but can occur, and indeed are often more pronounced,
in smooth airflow. Neit.. r is coupling between two degrees of freedom, as in the classical flutter
of aircraft wings, a necessary feature; osoillations can be set up in a single degree of freedom
system. The practical mardfestation of such instabilities is to be found in the wind-exoited
oscillations of suspension bridges (as, for example, those that destroyed the first Tacoma Narrows
bridge), in the sraying of tall chimneys and buildings in wind, and in the galloping motions of
transmission lines. Becau ae the instabilities are present in smooth airflow most of the aerodynamic
data acquired and used in the past for their prediction has been determined from investigations in
wind tunnels will smooth airflow. Because the shapes are aerodynamically bluff, theoretical estimates
of the exciting 7Lid forvc,5 are not available, and the data from experimental investigations are
inadequate to cover all the variations of shape, size, aspect ratio, frequency, amplitude, Reynolds
number and c. racteriatica of the shear flow, on which the excitation depends. Thus for the design of
specific st 'uctures suspect to aerodynamic instabilities, the most reliable predictions of the wind-
excited oscillations ~rre made with the aid of a wind-tunnel teats of aeroelastic models in airflows
of approprihte charac eristios (see Soruton1 1 ).

"le influence of turbulence on the aerodynamic stability of structures has not yet been
extensively investigated but some of the effects found are mentioned below.

*Paper No. 24 "F.tLctuating forces on bluff bodies in turbulent flow" by P.W. Bearman.
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The two types of aerodynamic exalting mechaniz.s moat commonly experienced are the vortex

and the galloping excitations. The former arises from the peniodio discharge of vcrtioes alternately
from each aide of a bluff body which give rise to aternating cross-wind foroes (frequently referred
to &a "lift foroes") to which a flesible structure wil respond by ovillating in a oross-wind
direction, and the response will be particular large when the predomina& frequenoy of vortex shedding
oinaides with a strctural natural frequency. The Sallopirg type excitation depwod on Uhe

destabillsing character of the variation of the mean (time-average) wind forces with incidence and

oan occur when the lift slople is negative 12. For a %U amplitude oscillations the criterion for
galloping type instability is

d C+ ... (27)

-,

As for vortex-induced motions the displaoements for galloping-inedmd oeeiailiens aV in the reass-
wind direction; there is little to distingaiah the oscillations arising from the two types of
excitation except perhaps the greater violence of those due to the latter. When the motion is simple
harmonic, the aerodynamic excitation Is conveniently measured in terms of an aerodynamic damping
force per unit length KaI where a is the displaoement. Alternatively for vortex-induced

oscillations a fluctuating 1.ft coefficient % is sometimes used to give a fluctuating force

P p V2 D CL Bin 2% Nt (28)

where N is the frequency of the oscillation. There is a simple relstionship between the non-

dimensional form of X k a ) and CL of thef

a apVDP

r

where the value of c depends up,-k the modal shape of the osoillation, ils is the non-dimensional
amplitude so/b, and V is the reduced veiooity V/ND. If the aerodynamic force per unit lengthr
is mproad over a wide range of frequencies, the force is given by its power spectral density function

S(a) siuh that

T J(n) du ... (30)

and

The effect of turbulence and shear on the galloping type exitation will follow the changes in
the steady lift and drag ooeffioients due to the changes in the mean flow brought about by the
turbulence and shear. The influence of turbulence on the alleping oscillations of a oantilevered
square-section prism have been investigated by Novak15 . He found that for the same mean win& speed the
amplitude of the galloping oscillations progressively decreased as the turbulence intensity was
increased. Even with fairly high intensities of about 9 percent, however, vigorous large aplitude
oscillations were maintained. In the tests the increase in intensity was absooiated with an
izorease in tho scale of the turbulence.

The influence of velocity profile on vortex-shedding has not beei. studied syst matioally' and
there are relatively few investigations of the influence of turbulence. Most investigators have found
that the introduction of turbulence does not ohange the predominant frequency of vortex shedding but
does decrease the spectral peak of the exciting forces found at the Strouhal frequency and in general
broadens the bandwidth of the vortex shedding frequencies. An exception to this comes from the work

of Bearma who measured Strouhal numbers of vortex shedding from a circular cylinder in .zooth and
turbulent airstreams for Reynolds numbers apanning the critical Reynolde number. The results are
showd in Jig. 10. The introduction of turbulence lowered the value of the critical Reynolds number.
For the smooth and the turbulent airflow at Gub-oritical Reynolds numbers the Strouhal number S as 0.2
but at the superoritioal values the Strouhal numbers differed, reaching 0.46 and 0.32 respectively.
In both oases the bandwidths oC the spectra of velocities in the wake of the cylinder were increased
end the peak was reduced in going from sub-critical to superoritical values of the Reynolds number,
In measurements of the spectra of the lift force fluctuations in turbulent flow on rectangular prisms

6
of various aspect ratios Viokery found that wnen the breadthdepth ratio exceeded i a predominant
frequency of vortex shedding was evident while with the ratio loss than unity the lift fluotuatians
oorresponded more closely to the broad speotrum ov the turbulence velocity.

Measurements of the excitation in turbulwnt airetreams show the same tendezi. 'e obaervaticas



of Strouhal musher end of wake velocities. for a long square prim Vickery7 found that the
fluatuating left coeffioient reduoed from 1 .32 in smooth flow to 0.68 in turbulent flow of 0.10

intensity and L a/ x ; and the correlation length reduced free 5.6D to M.D. Mhe above ueaweuate
were carried out an stationary models. Osiliatory motion of the msodels has been ahown to interact
with the vortex-shedding aad thu.t to increas, the vortsz-exnitati'm. It is of infterat, therefore,
to examine the effeots of turbulenoe on the response of oscillatory models. Pig. ii gives tie
response amplitudes of a model stack in smooth and in turbulent flows in each oase for the wind speed
which yielded the maximum amplitude. These &axim omplitudes occurred at V : 6.4 ad V n 4.9
in smooth end in turbulent flows respectively and, for a speoile value of thl structural dzping,
the amplitules were greater in the turbulent winds. The result is contrazy to what wwuld have besii
expected from the reduction in the peak of the lift coefficient spectra. found in turIMlent Wiads,
and indioates that the notion influenoed the regularity and strength of the vortex shedding. Similar
increase or the cross-wind amplitudes in turbulent flow and ocmpared with those in mool flow have
been observed in other~ investigations concerning circular section structures, but the obangos In the
reduced velcity for muds= amplitude have not alwaya been in the eaame direction,I Fig. 12 shows the amplitude response of a model of a square-section building block to a mmoth
and turbulent air-flow, with no shear the cross-wind response in smooth airflow shown the peeked
charaoteristics typical of narmow band excitation. There was negligible response in thc in-wind
direction. In the turbulent airflow the aplitude responses in both character and the mazinum amplitude

t-~eertantht nthe widdirectioni. Wile thera is some evidence tosgetthat tein-wind
mz tude~s oould have been 6taoorlesitdbythemehdoulnditeprvusatos

atedily inat e wt wnd sped Thes- amplitudes nte crssinfortion wa the utaftriime

*lato.ral forces on buLL41r., txu:,vs in turbulent flow is available. At present the most reliable
estmatz f nas-wlzrd Laltdsaemd rmtsaof aeoasimdlsnarfwsiuatg

6. Disprsal of Air Pollutant.

The properties of atmospheric shear flows play an essential part in the dispersion of gaseous (Wr
particulate) pollutants in the atmosphere such as arise in the discharge of the effluent plumes from
industrial smoke stacks. then the plume source is close to buildings, or in a valley, or close to
an escarpment, the local airflow will dominate the dispersal of tho plume, and in general recourse
must be made to wind-tunnel experiment to provide estimates of tht, z'eulting local pollution, Such
model experineLt should reproduce geometric similarity, similarity of the wind 3hear and turbulence
of the approaching stream, and equivalence of certain similarity parameters concerning plume buoyancy
and efflux velocity.

Analytical methods WnA fo deternidi Ugas concentrations arising from pluaw~s from single9
staocs surrounded by flat open ground. The calculation is in two parts. The first involves the
estimate of an effective height of the emission by the use of one of marty plume rise formulae which
have bean suggested in recent years. A recommended formula, applicable to neutral or near neutral
conditions is

Ah a 0.175 .. (31)

Ah is the plume rise to giva an emission height H

H =h +Ah

where h is the height of the chimney

;h il he heat eminaico rate in cal/s

and is athe hnan wint'.speed in W/o

the gas conuentration at a point (x,y,z) it; calculated by one of the several dispersion formulae, the
most widely used of whiah im that due to Sutton:

Qm /

y z y

x ei ap (32)
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At ound level s 0 and

2 4
C(xy) IV ... (33)

Yy

This ia aximawhen y O, x.,x where

2 C

and

C ... (35)a ~et C
y

In the above equation

C is the ps oncentration, mass/unit volume

ses mission rate of the gas

xtysa space coordinates, origin at point of enission, y cross-wind and z vertloal

n a diffusion coeffioient related to the wind profile exponent a r z/(2-n)

Cy and C are diffusion coefficients dependent on the kinematic 7isoosity, the mean velooity
A eSthe intenaitV of turbulence of the lateral and vertical components respectively

C and Cs for different stability categories are available. For the calculation of the
S mama concentration at ground level Reference 16 reommends for half-hour sampling times.

________C /C

Moderately unstable 0.9

Neutral 0.7

Moderately stable 0.5

The formulae are not suitable for inversion or highly unstable conditions.

7. Shelter and Wind rrset

Although there is little information either from wind-tunnel investigations or from field
observations of the influenoe of shear flows on the shelter afforded by fences, screens, hedgerows,
etc. that wh'.jh is available (e.g. reference 17) suggests that considerable differences !n the degrees

of shelter are to be found in turbulent shear flow as compared with those in a smooth uniform flow.
In wind-tunnel tests of shelter effects it is therefore necessary to reproduce the characteristics
of atmospheric shear flows.

Instances of the unpleasantly high and gusty wind conditions which can be produced in anc. near
building complexes, and especially near the bases of tall rectangular building blocks, are frequently
reported. Low-rise build1Ags often provide some measure of protection against the ambient wind but
wind speed of approaching winds can be oonsiderably inoreased at ground level near the windward and
side faces of tall slab-like building blocks. This is due to the wind speed gradient produoing a
oarrusponding gradient of pressure on the windward face, and the downward flow which results forms a
frontal vortex t the base of the windward face which swaps away round the sides of the buildings.
The high wind speeds near the windward and side faces may be increased still further'by the
presence of near by buildings and wind speeds up to 50 percent higher than those of the approaching
wind can result. This problem and the associated problems concerning the ventilation of buildings
and building complexes can be inv-, .gated in wind-tunnels in which, of course, it is essential. to
reproduce the shear propertip- A the approaching winds and also the local topography and buiading
environment. It is usually difficult to suggest curative measures; ay ano~y at first or second
floor level to stop the downflow hastobe otusarea to be effeotive, and where presentative reasures
have been successful there have been complaints of aiLles ess and lack of ventilation on days of
light winds.

8. Concluding 1emAs

This paper has attempted to revie briefly the present position in the study of problems concerned
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with thew influence of atmoepherio shear flows on 4 &ndustrial projects. As such it has beeo confined
to wind effects on buildings and str'uotures and to apets of manmade enviroment inluenee by
atmospherio winds. No discussion has been offered on the relation of atmospheric ahear flows to
natural phenomena which influence our environment such as water evaporation and transport of water
vapour, soil erosion, and anow and sand drifting.

Much further research and investigation are needed before will be possible to prediot +he
behaviour of a structure in wind without recourse to wind-tunnel tests. The meteorologist must
provide more detailed information of the structure of thv wind in the earth's boundary layer and of
the effects of terrain; there is for instance an aoute lack of data on wind over cities, in vhid
moat building takes place. The aerodynamicists must acquire a better understanding of the flows
around the aerodynamioally bluff structural shapes in turbulent winds and of the time-depanednt
pressures and forces whioh result.
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FLUCTUATING FORCES ON BLUFF BODIES IN Td1RBULENT FLCY'

by

P. W.Rearman

National Physical laboratory,
Teddington, Middlesex, aigland



This paper e.oribes an investigation into the effect of turbulenoe on ne fluor.ating drag
forces experienoe on a series of equare plates set normal to a uniform turbuicnt flow. The t)peri-
ments were performed as part of a research programme to exam the infquenoe of atmospheric turbu-
lenoe ou the respense of flexible buildings and structures. Power spectral density metsurements of
tthe fluctuating oomporent of the drag on square plates in turbulent flow are pres3nted. The measure-
ments show the importncoe o. he ratio of turbulorna a.iale to plate size. There is sh=w to be a
strong correlation betwen, the fluotuating drag force and the velocity fluctuations in the approaoh-
ing flow. Measurevents of aer-d4ynamio admittanoe are presented to show the form of this function
and to show how it varies with ohange of the ratio of turk- anoce scale to plate size. Finally, the
effect o the body on the turbulence is oonsidered and there is a disoussion on how the LuAbwi r. ia
distorted as it is swept past s plate.

p
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by

Nationa-i Phyaioal Laboratory,
Peddington, Middlesex, England

1. Introduction

Under strong wind conditions the flow approaching buildings ana structures is highly turbulent
and a turbulent wiid wi-11 induce a random exciting force which could set a flexible structure into
some mode of vibration. In order to be able to det-vmine -ch resp.nse, it is important that the
effects of turbulence on the 12.ow around -.l X f bod&'-s should be more olearly --- r:tood. The main
objects cf t!1ie paper are to investi6ate the effect f turoulence on tL- fluctuating d-ag forces
-xp rience& on a series of square plates set normal to a uniform turbulert flow and to examine the
relationnhip Datween the approaching turbulunt and nri the resuei-.- fluctiting forces.

This partiou:'ar bluff body shape was chosen beoaus.e it was hoped that thel - iould h5 Lo regular
vortex 'le'eding and thdt the major part of the fluctuating drag force would be dizeotly related to
the approaching turbulent flow. Davenportl h,s sugested the use of a freauency-dependent transfer
function, relating fluatuatin6 force to fluctuating velocity, called aerodynamic admittanoe. Measure-

ments of the aerolynamio admittance of Zl j.' es have beer -- norted by Wardlaw and Davenport 2 and

Vickery' but agreement between the two sets of measurementi is poor. One of the aims of the present
research was to carry out a mor. zstematic investigation of aerodynamic amittanoe with partici'lar
atten on being paid to the importanoe of the ratio of turbulence scale to plate size.

In addition to the effects of the turbulence on the plates there will be some effect of the

plates on the stream turbulenoe. Hunt 4 has proposed a theox7 to analyse the distortion of tha turbu-
lence in the flow past a body. Measurements of +he turbulence structure ahead of a plate are discussed
in the light of Hunts' findings.

2. rimental Arrangement

The experiments were conducted in a wind tunnel with a 9ft (2 74 m) x 7ft (2.13 m) by 12ft k'3.6 in)
long working section. A highly turbulent flow was generated by the installation of a grid at the
beginning o- the working section. The grid, which is seen in figure 1, was of the hi-planar type.
It was constructed from 1.5 in x 0.75 in (3.81 cm x 1.9 m) wooden slats spanning the tunnel and the
distance between slats, the mesh size 9, was 7.5 in (1.9 cm).

Fluctuating drag forces, or square plates of side 2,3,4,6 and 8 in (5.08, 7.61, 10.16, 15.22 and
20.30 cm), were sensed by s --mi-oonductor strain-gauged talance. The plates were supported on a
light, hollow, tapered sting 18 in (0.457 m) long and the sting was protected from the airflow by a
shroud attached at the balance end to the earthing frame ( ,e figw, i). Transverse oscillations of
the sting and model were eliminated by placing a thin strip of foam rubber around the end of the sting,
between it and the ohroud, The lowest natural friquenoy of the balance, with the sting and a 4 in
square plate attached, ,s.% about 1.5 KHz. The whole assembly was supported on a massive I-beam
bolted to a concreta bed beneath the tunnel. The support system was so positioned as to place the
plates at 4.33 ft (1.93 m) from the beginning of the working section (i.e. O.i M).

Turbulence measurements were made with a DISA linearized oonstant-temperature hot-wire anemometer.
Fluotuating velocity and fluctuating drag signals were reoor on an AMPEX FR1300 tape recorder.
2hese signals were later digitized and analysis was performed on a KDF-9 computer using the methods

described by the author 5 .

3.1 Flow behind the turbulence produ i _r

At the plate position adopted for the fluotuativ% drag r-easurementa the turbulence was i.vesti-
gated with a linearized hot-wire anemometer. At a mean velocity U = 6Oft/se (18.3m/seo) the intensity

Vu
-a- , 0.083 and the longitudinal integral scale of turbulence x= ins (i.6. Lx  Mae of U10 uw

order as the size of the plates and simulated turbulence conditions similar to those expeorenced by
large buildings). At the test position, over the area to be occupied by the plates, the mean velocity

Senior Scientific Officer
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3.2 Measurement of Fluotuatl,&i m_

The fluatuating dr-g oomp(>oent .f thc square pla':s %am measured ov'." a ran"e oi Reynolds ivnber.
The power speetral densi.y eatimates of all the drag signals are plotted -Rether in ieu. 3t Tie
graph shows the power speotral density estimate of the fluctuating drag ooficiont at

frequency n, plotted ad +he non-dimensional quantity where D is plate mide, agairst

the non-dimensional f-equency parameter The measurements illustrate the imp-ri.ance of the

parameter LD, the ratio of the integral scale of turbulence to the size of the plate. For each

plate eize the reaults show little dependence on Reynolds number.

snce

wher o Gr.. is the root mean squa-e velue of the coefficient of the fluutuating component of

drag, it is oi'ar that the smallest plate has the largest nean square drag ooefficient. This is
primarily because, on the sm!les- plates, the correilation areas of the ener r-oontaining eddies of
the turbulence are opar'atively larger. There az.e two possible length scales that could be used to
non-diiaeionalise the restst shown in figue 3, plate sids or turbulence scale. The data are
shown non-dimenionlized by plate dimension D ana, in this case, the variation of the parameter
L/D can equally well be thought , . n due to a plate of fixed size in a turbulent stream of

fixed intensity and varying scale. Increasing the scale of turbulence, while the iniensity remains
constant, will have the effect of inoreasing the power spectral density at long wavel.engths and
decreasing the power spectral densityj at short wavelengths. This effect is inazd'et in the spread of
results for the various values of L/D ( ..o~n in f:gure 3) at low valses of . An interesting

U
feature of the spectra in figure 3 is thr collapse of the data on to a single curve at high values of
nD/U. Since the data are non-diensionslird by pzlate dims-.sion it suggests that, at these values of
nD/Ut the drag is not directly related to the approaching x'rbulenae speotrum but is, perhaj
partly related to wake induced pressure fluotuations on the rear face.

The r.in.s, values of fluctuating drag coefficient are shown in figuAre4., plotted _against IiD.

onbe expected that the fluotuatin- dra will beea ± eto *f bohLan nd

-- and L were constant in these experiments, it seemed moat appropriate to plot drag against

the inverse of pnlate ar:zo As a omparison the values of 0 rmse in nominally smooth flow are shown.

3.3 Di mu floL of Pluotuatin .

Deform dinousming Ghe effect of turbulence c fluct~ating dra6l the simpler case of the drag of a
bod r in a stream of varying velocity will be discussed. The flow velocity U1(t) can be deroribe. byequation n )

.~t =U+u Ci)
where U is th time mean velocity and u the fluctuating velocity. u is d~ireoted in the same sense
as the mean flow and the fluctuations are assumed to be perfectly c orrelated across the f w,

Equation (2) (for derivation see Boatman6) shows the relationship between the power spectral density

of the fluctuating 'tomponent of the drag coefficient and the power spectral density of the velocityr
of the approaching unstea flow.

r D

where C is the mean drag voeffioient ano C is the oefTcipnnt of virtual mass.

It turbulent flow equation (2) will be modified in some way by thsca that o uldhe bpacieu
correlation of the fluctating velocity. Davenport e arguie oa trbu lncst l th;r* a are

s linear reltionsaip between drag fluotuation ai the incident velocity fluctuations ad he h s

termed ien function X(n) where X'(n) t scal e oof t lltee the rains

unsteady g o considrec above ae c is dmit t in t spe

t~ /
D

reutIo h aiu &k.e fLD(oni iue3 tlwvle fA neetnUI



WardIs ax. Davenport' .6d Vioke9 1, me&9,r,-d the 4rod,s-io adiJdzttianoe of flat platen in

tu'ulent flow. Following theme authors, ig,.c % anows l(r) plotted against for th _..-r

nD
?eis -'f ;quare platu Evmined in hia investigation, AS 7 tends to nero, aerody~aztc admittance

ris'a to a value lesd thai uzity. The simple vnatea,,y theory assumed an irri-ftte correlation length
for the fluctuatig velocity whersaa in turbulenf ftow, at vcry long wa;elengths, the correlation
length will 'e of the same order as the integral soale. 7terefore it can be srgued that measured

values of x2(n) will be less than, unity. At high values of r the aerodynamio admittance drops
nDr$'fe ,+. a +f about !.)lAR t-ve. Viokery

2 
suggests that, at h-- ..... . f r-, the spacial

oz rrelation of the turbulence aecreases rapily end that this will have a much stronger effect on
X' (n) than the increase in the drag force resulting from 'e virtual mass contribution.

The mersurements of x'(n) made by Viokery
3 

on a square plate in a turbulent flow of intensity

1( and with a scale approximately equal to the plate size, are also shown in figure 5 and arot in
-_m± -rw tith the authors' results.

Vioke& has formuiated a theory to oaloulatael the aerodynamia admittance 'f a lattice plate
which has individual members small compared to the correlation lengths of the velocity fluctuations
of interest. The main assumptions are th&t the force on a member oan be related directly to the
local upstream velocity and that the correlation of forces is identical to the lateral correlation

of upstream velocities. For a square lattice plate Vickery
3 
firds

i D D D D

X'(n) -f f !f f F(.zt,u '(r~.n)dxqi-xady,dye
0 0 0 0

where F(u,,u,)(r,n) is the normaliz ed fom of the laterl co-3pet-l density function of the
longitudinal component of the onooming turbulent flow. xjy, arid xaya are the oo-ordinates of

two points on the plate surface and r = (xa-xI) +(y.-y')'.

Vickery further assume' tha tho lattice plate theory could be applied to solid plates and
showed some comparisons of theory with experiment. He measured the fo ,ion I(u, ,u)(r,n) behind a
griQ kni-mar to ine one used in thIs investigation) and fitted his re-lts with the empirical.
relation.-.( )-7relation. (ul,us)(r,n) a a co 1 0 .4a% .

e r r ,2 x~
where - , -- I +

2% L I U I

Theoretical values of aerodynamic admittance have been computed ani are presei.ted i figure 6 for the
values of L/D investigated in the experiments together with the experimental results for the

extreme values of L./D. At low values of f there is fairly oluse asrement with experiment when

L/D 1.5 but for smaller values of L the predicted large reduotion in y'(n) is not

realised. The agreement in x'(n) between theory and experiment at high va.ues of 9- , av be

pairly fortuitous because the measurements of the power spott'al density of drt.,,at these values of
nD

U-, , - suggested that the drag fluctuations are not directly related to the upst.-eam velocity

fluctuaticns.

3.4 Jnvestixation into the struoture of the flow ahead of the plates

The ideAs discussed in the previous section are based on the assumption that there is some
correlation between the longitudinal component of the upstream fluctuating velocity and the fluctua-
ting drag. To test this assumption a hot wire was introduced into the flow at variou distance.,x. ahead of the 1,. in Amiara nl.*m, nl-n the ,a.g a-t- ... '-.,.44..._ ,__ .,IIL AWA,

fluotuating drag signals were recorded simultangoualy and later digitised. The cross-correlation
uC

coeffioient between velocity art drag force, was computed at various time delays and the

D
results are rpotted in figure 7. At each position the max:.mum correlation occurred when the velocity
led the drag force and, as expected, the time delay to maximu oorrelation increased with distanes
ahead of the plate. The maximum value of the oorrelation is eh-wn plotted against position ahead of
the plate in figure 8. As x/D tends to sero the oorrlati.- will also approach zero because at the
plate surface the longitudinal component of the fluctuating velocity must be zero. At x/D the



fre... r for the w,te eigna l roie t) +,he vaLIe 0.55 and, fr :. the eIo: -0 t, curve, f;pears ti,

z'ine even higiar fiirther ahead cf the 'I ate. The higa tlaut o t2is ocrr&cation is surprising wen
i is remembered that for tria plate L e/D 0.75 nt e ,,e ooity h -ni been me..surej at points

on the stagnation atreasr1.ne, whereas Z2uotuating ve ,tiee :zkywhere over an are c f thp same order
as the size oi the plate could affeot its drag.

In adition to the unfiltered correlat'ons figure 6 shows maximo values or tima-aelayeA_
filtered oross-oorre..tions for a high and low value of the frequency parameter nm). Although at

the low volue of - the measurements indicate a very strong correlation between drag and upstream

velocity t,4 staple linear theory of Vickery under aimates x2(n), at this value of L/D, by

about 50%. At the high value there was small correlation and therefore these measurements also help

to support the argument that at these values of most of the drag fluotuations aije wake induced.

In order to progress further with the understanding of the effect of turbulence on bodies the

effect t+.It the body has on the turbulence must be considered. Hunt has formulated a theory,
based on turbulence rapid distortion theory, to analyse the turbulence in a flow sweeping past a
body. The principal assumption made in the theory is that, in the tUe it takes for the turbulence
to be swept past the body, t. changes in the mean flow around the body end the effect of its
boundaries distort the turb eno for more then its own internal viscous a:nd non-linear nertial
forces. The turbulence will be distorted by stretohing and twisting of the vortex line filaments
as they are ow,.oted past the body.

The assumptions that have to be made are first, +hat the mean flow is irrotational, hich limits
-nalysiI to that region of the flow outside the boundary Layers and wake. The oeond assumption is

that 'u (< U eo that the only contribution to -ortex line stretching and twisting somes from
changes in th. mean flow. Thirdly in the time it takes for a f] 'd element to be swept past the body,
T. th urbulent energ dissipated by viscous stress is small wIuioh leads to the condition

r >> -r . .ith these asu'r.~ i"- hunt ahows that the problem reduces to the solution of a number

of linear equations in which there will be no interaction between the different wavenumbers of the
turbulence.

In the experiments described in this paper - I end, since L/ = 0(1), X! - 71 and

t1 ,refore in the free Ptrem the conditions of the theory r=re met. At this eteft no &ttempt has
bce>a made to calculate the distortion of the turbulent flow ahead of the plates ecause, W* en the

scale of turbulence is oi, tne sasl order as uha sims v; '.2. '-;v,'cur
is extremely large. The theoretical ideas i11 be used, hvwever, to discuss qulitativt' the
effects of turbulence. When the eddy sizes of the turbulence are large compared to the siz- of the

body - ) , the effect of the body on the turbulence will be similar to its effect on the mean

flow. Therefore ahead of a plate, along the stagnation streamline, the u fluctuation will
decrease while the turbulence intonai based on local velocity will reamin constant. On the other

hand as the eddy sines beoomo very small compared to the size of tine body - ' 0 the dominant

effea will bm the stretohinS of the vortex lines by the mean flow. This gives the interestLng
result that, ahead of a plate u increases. When Lit - 0(I) there will be somG oamination of

these effects,

In order to illustrate some of these features, further measurements along the stagnation line
ahead of the 4 in Plate are presented. 7igure 9 shows measurements of mean velocity, and also the
turbuleae inienaitr, based on both local velocity U and free stream velocity U, plotted against

distance ahead of the plate, x/D. The rise in u- near the plate suggests that the range of eddy

slice within the turbulence was such as to produce acme stretching of the vortex ines. Near the
pI;';VrorjAAth ta-iU"m e: t ~l ael-a mf 4111+1an i otAnci ty war* raoold aUd

clearly the condition u << U will no longer be satisfied.

The theory of Vickery, when applied to solid plates, a ssumes that the turbulence approachingLZ

eah element of plate area behaves as if the body were in a stream where a-. lis su gest3,

fro the work of Hunt that along the stan Ion streamline the power spectral density of the
approaching flow F(ul(n)g ahouid deoru-se at all wavenumbers in such a way that

U.
F(u)() 7(u)(n) . -. (3)

U'

where F(u)(n) is the power speotral density of the fluctuating velcoity for upstream. Power
spectra of fluctuating telooity along the stagnation streamline at four ,tationo ahead of the plate
a shown in figure 10. 1(u)(n),/U is shown plotted agaiLst naU aud the area under each spectrum



Z4,-!

is equal to the square of the '"ulluenoe intens!izy based on free stream velocity. (,c pared with the
Apatrum in the atscnoe of the plat-, the power at low wavenumbere shows a me "ked decrease whereas

at higher wavenumhecz --, is iittlo ohang,-. If aIn = and there was no stretohing of vortex

lines by the mean flow the level of the spectrum at all wavenmivir -. ".i h- viven by equation (3).

eturning to the theoretical values of aerodynamic admittace plotted in figure 6 it can be

see- tf-t as decreases X2(n) becomes increasingly 2 -gc:' th'an Viokery prei'- ta. This i1

in agreement with the argument that as LI/D becomes smaller the distortion of the turbulence N

intensifies the longitudinal o'Amponent of turbulence ahead of the body. More work is required to
determine the importance of t rbulenoe distortion and to determine whether, i? L/D is large

enough, the much simpler ideas of Viokery are suffioient to prediot Xh(n) accurately at low values

of -. i is interesting to note that when L/D = 1-.5 the aerodymamic admi
4
tanae values predicted

by Viokay are only 20 too low. Another aree requiring m-re attention is the understanding ,f the
complex interaction between the turbulence and the wake.

.. Concluuionsa

Power spectral density measurements nf the fluotuating drag on sqare plates in turbulent flow
show the importance of the scale parameter L/D. As L/D increases, the oorreladc areas of

the energy-containing eddies of the turbulence arf comparatively larger and the root mean square
value of the drag ooeffioient fluctuations inoreasei. Correlations of the velocity signal fre, a

hot wire, placed at various distances upstream of a plate ( - 0.75 , with the i'luotuating drag

signal oonfirred that the majority of the drag fiuotuations was linearly related to the velocity
fluotuetions in the approaching flow. This relationship between velocity end drag helps to
justify, particularly at values of lops than 0.1, the concept of aerodynamico admittanc. InnD

the iange of valuas of L./D from 1.5 to 0.375: however, the theory of Vickery at Wa -as

found to underestimate seriously the value of aerodynamic admittance. Measurements of the
structure of the turbulence ahead of a olate show that this wae primarily due to 'he sl.ifinant
distortion of the turbulence by the body.

The author wishes to than k-r. G.S. Smith for the deeign of the drag balance. Thu. work was
carried out as part of the general researon yr.'6v-'.* of the National Phy3ical Laboratory.
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FIG. 1. Fiat plate mounted behind the turb u Ianc a r Id.
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ABSTRACT

A literature review is given of available data on the influence of ground
winds on typical aerospace structures. Relevant data from non-aerospace
studie are also disucased.

The major concern of the paper is the wind induced excitation of circular,
cylindrical shell structures in either th,r swaying (bending) or ovalling
(breathing) modes and the relationships between these modal natural frequencies
and the frequency slec 3f the aerodynamic lrr-t. The data on discrete
vortex shedding in the sub-critical and super-critical Reynolds No. ranges is
necessarily considered.

The relevant structural vibration analyses to predict the natural fre-
quencies of the stiffened and unstiffened shells are briefly outlined and
certain deductions made on the efficacy of various types of stiffening.

Consideration is also given to problems associated with complete latti:e
structures typical of launcher designs and with single component members of
such structures.
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WIND EXCITED BEHAVIOUR OF CYLINDRICAL STRUCTURES

- TTS RELEVANCE TO AEROSPACE DESIGN

D.J. JOHNS*

1. Introduction

In recent years there has been an increasinq awareness of the need to
allow for the static and dynamic effects of wind on the design of civil engin-
eerinq and aerospace structures and there has been a useful cross-fertilisation
of ideas and informatton feedback between these branches of engineering. This
is particulhrly evidont in the number and scope of major symposia which have
attracted meteorologists, architects, civil engineers, aerodynamicists and
aerospace structural engineers.

The first major symposium on "Wind Effects on Buildinqs and S--ructures"
was held as recently as lb3 dL - ': .. England, a"d 7. pa,er_ e p"-
lished (Ref. 1) includina a sionificant review paper by Scruton.

A second similar symposium was held at Ottawa, Canada, in 1967 and the
published proceedings (Ref. 2) contain 37 papers. Ref. 3 also contains 37 papers
of a symposium held at Loughborouah, England, in 1968.

These three meetings dealt more specifically with civf.l engineering
applications as did Refs. 4 ind 5 'hich only dealt in part with wind effects.

Refs. 6 and 7 dealt specifically with ground wind load problems related to
launch vehicle structures and appear to have been the most significant
unclassified meetings of this type to date.

In addition to the papers presented at these meetinos there have been many
lividua' papers ot note and they will be Leferred to later. Fir example,

Ref. I contains a useful survey of data on static loads due to wind, and
Refs. 9 and 10 summarise the sources of Iata and the main considerations in
selectin. design winds for tA structuirps.

For a particular building or other structure a study of wind effects
requires a prior knowledge of the maximum wind speeds at the proposed site for
the structure. Since It would be unusual for this precise knowledge to be
available it is necessary to infer it from meteorological records often taken a
considerable distance away. The designer must also take account of local topo-
graphy, prevailing wind directions, the variation of wind speed with height,
the presence of other adjacent structures, etc., and most importantly, the
degree of turbulence in the wind.

Because of uncertainties in these various parameters recourse is often had
to 'and-tunnel tests in which these parameters, especiall-y wind profile and
tur.,lence, and the structural dexibility are all modelled. Significant in
this field is the work of Davenpc-t, some of which is reported in Refs. 1, 2, 7.
Ref. 11 contains a useful summary of the pre-blems of simulating the atmosphere
ani Refs. 12 to 14 present a general mathematical analysis to determine the
effects of random turbulence as a forcIng function on tall slender structures.
Ref. 14 contains a useful review of wind excited response problems.

"he main concern of this present paper Is that class of dynamic problems
resulting from excitation due to vortex shedding. Some of the vast liter#ture
now available will be discussed ant! it is hoped that certain definitive conclus- I
ions can be drawn as to the nature and implications of vortex she cing from"
circular cylindrical structures. Results will be presented from recent studies
on the lateral bending and ovalling oscillations of such structures due to
vortex shedding.

Professor of Aeronautics; Department of Transport Technology, University of
Technology, Loughborough, Leicestershire.
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In passinq it should be mentioned that Paper 22 of Ref. 3 contains much
valuable data on the unsteady aerodynamic derivatives of various prismatic beams
of open and closed section which might be considered as components of a space
frame structure for civil or aerospace engineerir %pplications. In aeneral, the
closed box profiles and the -- shaped profile were the wornt from an aero-
elastic p tnt of view whereas the other open-sections were ali essentially
stable. C- siderable data on other non-circular cylindrical sections is con-
taned in Refs. I to 3 and 7.

2. Vortex Shedding Phenomena - Model Tests

2.1 General

Research into vortex streets behind a circular cylinder dates from the late
15th century and in 1878 early experim-nts by Strouhal led to the empirical
correlation of the vortex shedding frequency N, the diameter d, and the stream
velocity V, through the non-dimensional Strouhal No.

SN - Nd/V (1)

Many papers have discussed this parameter and its dependence on Reynolds
No., and it appears that sev--' listfnct regions of Reynolds No. exist in
which different phenomena occur. These various regions are not separated by
clear boundaries but by transition zones which can be altered by individual
experimental conditions. These regions are referred to in Ref. 15 and shown in
Fig. I., as symmetric, regular, irregular and supercritical defining the nature
of the vortex sheddirg phenomena. Refs. 16 - 18 were also useful in delineating
these various regions.

It is with the irregular (sub-critical) and supercritical Reynolds No.
range (R ) 300) that this paper is primarily concerned but t ^ intervening
transitign zone around the critical Reynolds No. (i.e. 2 x 10 r RN< 2 x 10 ) will
also be discussed. Much of the data available on the aerodynami c Strouhal No.
over the above Reynolds No. range is shown in Fig. I as taken from Ref. 18.

2.2 Sub-critical Region

In the sub-critical Reynolds No. region (100 <RN< 2 x 105) the boundary
layer is laminar, its separation from the surface is not appreciably affected
by Reynolds No., and the Strouhal No. in equation (1) remains at an almost
constant value of 0.2 for an infinite aspect ratio circular cylinder.

4Aperiment reported by Meier-Windhorst (Ref. 19) using water and by
Scruton (Paper 24 - Ref. 1) usinq air and by others. have shown that one conse-
quence of periodic vortex shedding has been the existence of a periodic force
in a direction normal to the wind stream. 'he frequency of this force when
the cylinder Is statinnary is given by a va.ue of S :* 0.2 in eqn. (1) but it
appears that for an oscillating cylinder there are c9rtain ranges of wind
speed for which the cylinder oscillations themselves control the frequency.
Thus Parkinson has shown (Paper 18 - Ref. 2) that onset of oscillations can
occur (if the structural damping is sufficiently small) when the Strozhal
freqtency eq.,als the natural freque.cy of the cylinder and the instability
which persistr over a range of wind speed (which also depends on the structural
desping) will do so with a frequency dominated by the natural frequency and not
-y the Strouhal frequency corresponding to the particular wind speed. he
assumed ! to I relationship between successive bending oscillations at the
natural frequency and the vortex shedding is given in Fig. 2(a) but Fig. 2(b)
presents altprnatively a 3 to I relationship which 7ould result in a lo.er
critical wind s eed. There is no experimental evidence for this known to the
author although, as-mentioned in (iII) below, higher harmonics of the Strouhal
frequency are likely to be present which might produce an apparently lower
critical wind speed than would correspond to a value of sN - 0.2.

Xs well as lateral bending oscilltions it is possible with lightly damped,
plain cylindrical cantilevers for siqnificant vibrations to develop in the
direction of the flow (Reg. 20). These have bear reported to occur at a fre-
quency twice that of the lateral oscillations and this suggests that the
periodic forces as ociated with vortex shedding can have a significant stream-
wise coeponent. (Ref. 21). in other words the unsteady pressure distribution
as a single vortex is shed does not in general have a resultant normal to the
flow. The significance of this will be re-emrhaised later in Section 3, when
discussing ovalling oscillations.

rrom the available sUL-critical data it is clear that the cylinder respo,;se
t3 fluid dynamic forces fro., vortex shedding ir not strictly speaking a reso-
nance effect since the cylinder motion alters the flow field significantly.
The main conclusions for sub-critical flow are summarised In Paper 37 of Ref. 2.



(i) cylinder motion~s increase the circulatory strength of developing
vortices,

(ii) cylinder motions increase the two-dimensionality of the flow field,

(iii) the dynamic lift contains hiaher harmonics of the Strouhal frequency,

(iv) striking flow field modulations can occur when the ratio of cylinder
frequency to Scrouhal frequency is between 0.8 and 1.1 but not
close to unity.

.2. Sueritcal.Reime

Unfortunately most practical structures of interest operate at Reynolds
Nos. upto and into the supercritical reqion an6 the data available for this
region and the transition zone which precedes it have been rather inconclusive.

Accord~.ng to some researchers they have found i marked rise in above
RN ; 2 x 10~ such that a value of S N -0.46 occurred at R~4 N 1.5 xlOg whereas

other researchers have snown com~letely contradictory results with valites
of S < 0.2. Typical results are given in Fig. 1 taken from Ref. 18 where it
is avserted that it is questionable whether periodicity of vortex sheriding till
exists above RN - 2 x 105a and that only a wide frequency bandi turbu.lenre occUrs.
The evidence presgnted in Fig. I certainly indicat~s no discr-t~ vortex
shefing for 2 x 10( <it C1.5 x 106 but for 1.5 x 10< N< 3 x 'OF one might
deduce that there is a progressive decrease in 5 from 0.46 to 0.2. This'would
mean that a structure of bending frequency w cou~'d experience A co:r ,sponriirr
progressive increase in iV rs(since V. = wd/5 ) with V and a continull4 condition
of resonance of increaL n.rseverity,c5ue rrim~rily to the consequen' Inrrease
in dynamic pressure. This condition of increasing amplitude witlh spefi-, nr11no
pronounced single critical speed has beer, quoted elsewhere -is evidenct, for .tihe
absence of a discrete vortex shedding fr_-qucncy but from the above arnum-t~ t-hit
is not necessarily p:ocven.

It is of interest that ata has been presented by Chen (Rpf. 18 in Fi.
for a value of S N : 0.2 in the supercriticel region although he proceedis to ii:;rount
it based on his own experimental res'tlt5.

The results of Fung (Rpf. 22) -' 1hka kkvt. ,hl for a riqin cylinrr
have shown no discrete frequency in the broad tiirblez, : pr-trtJm ' or the tratr-
ition range of Reynolds Nos. although rich 1rPctr1In trIhi. crrP' hAs A "-A A#

a value of 3,. which ecreases in this range fromn 3. 7 Iowr to C .0 . Th-ese
values imply a low effective forcing frequency ir; a tro,-d fre utuncy brni ki
if significant vibration-; are to k-ccur As a reit the -Iynarir pressurt's Must:
be sufficiently great and the st,-ucturetl dapn~:faety~an.' the
possibility referreO to earlier micht then ,%pply *ith t',m effective ,trokuhal
frequency being lower than the natural frequenicy ( i.e. N; - i). ioshk.) niv im
shown that a discrete frequiency peak can. occur for RN >5 1. k 6 corr?73ptnn,!irn
to S N -I 2

It is believed that the probable main cauas for the disAgreerr'nts bctwevr
various researchers are the differencesrin end effects and other three-d. ensional
8ffe cts and thiact that mary of the cylinders tested have been. rigid.

The cxperiments of Rc.f. 15 'or a% rigid- cylinder have sno'-n the Stronm three-
dimensional nature of the vortex patlern and in the Cicsi~of Ref. !7 o ther
results were quot._ showing that the dist-.oce along tho cylinder over which the
pieriodic littt forces -recorrolAted -decreases to about I ' Ianetr- at tra-.3ition
Reyncl'ds Nos. :t Is r.,:t surprising if overAll oscil!stor) lift and draq7 MOeaSUr.-
merits are then incoc'us!.ve.

Wlher the cylinder is niot held rigidly but can intceract with toe flcow it
would appear that the correlation lenigth can increase rta:kedly when the phase
of the vortex shedding is locked into synch--oni-im along. the entire cylinder by
the cylinsder motion itsnelif.

Somea recent experiments at the N.P.L., are referred" to in Ref . and Peper
18 of Ref. 2 for a cylinder in the Reynolds No. cange !0- to *' X C. n)e results
show..d that the presence ot a free end can hav~e sierI!fica't erfet-,t as -,' flow Is

entrained over the free ei.: ;11 Loe cy in-ler to pass down the leewuard face th,'rreby
causing a thickeninq of Ihe wake and a consequent derrease I. the lute)l vnrte#-)
shedding frequency. This qives a wider spectra" peak to the overall osc l-tor-i
forces.

Wher. such a flexible cylinodor is heavi , an- a v-4-e tar,' r'-w

duce a rand'7, amplitude response function pr- Icdthat the arrplit) -if of c&tr
I.s sufficiently sm16ll not to :&fect the aerod.ynamic forcen an-1 to' Ca-sf!cknc



or synchrcnisition. The variation' of aplitudia with speed would thnb
oxpec..ed to follow a quhdratic law as was indicaited in Ref. 23.

Howe'rer, within a limited speed range (4< VApd< 7) and when the structural
damping is low large ampli z--deEr nay occur when, the cylinder movent causes an
increase in the vao-tex induced forces and in t-he lengthwise correlati-*n, and the
cylinder and shedding frequ~encies coincide. In supercritical flow the results
showed &n~ ampitIude peak corresponding to a StrouhAl No. of 0.2 although other

peaks occurred at higher velocities (S 0.1 and i).08).

Another comprehensive 'Ivestigation hias beevc reportod by Cincotta et al
(Paper 20 of Ref. 7). They show-A that the unsteady aerodynamic lift forces
v; ried with Reynolds Mo. as iy~dicated in the Table below,. The corresponding
values of the "effect"'Ne' Strouhal No. are also shown.

Ferolds No. Ranqe S Nature

1.4 x 106 to 3.5 x 1C0 .18 Wide Band Random

3.5 x 106 to 6x 10O6  Narrow Band Random

6 X iO0 to 18. 2 kc 1O Rarldom plus PeriodZ:

It was also shown that the r.m.s. aerodynamic lift e-oefficient increased
with model motion with a maximum occurring when the taodel. oscillating fre-
quency coincided with the ae~rodyn~amic Strouhal -Treqtuency. An unstable
,'negative) aerodynamic damping component of the unste-ady lift force occurred3
when the model frequency was less than the ae:odynamic frequency otherwise a
stable dampin, co~mponent occurred.

The relevance of the se l atter rest' ts to full-scale chnimney stat.Ks or
aerospace vehicips is rot certain as th . modei was two-dimensional spanningq the
tunnel and end effects h~ve been shown to be very signi-ricant.

Tests relating directly to lau.ich veh-'clea havc been reported in Ref s. 7 dnd-
14 and in many other itadividual papers.

Thus Ref. 24, whilst comprehensive, nas o;-Ily a sinall aovUunt of date for con-
stant diameter modt. which may be compared w~th other results and the mt~oriity
of the data Is mainly significant in showing the effects of local geometry,
surfacp rouqhness, external protuberanct5, etc. The resvits qvoted for the
unifor" cvlinder showedc smaller responses compared to most of the othor models
with conical or he,,Ispherical noses. Unfortunately also, th, retults for
VI~id nt5 cortespond to a value of Rpyndbs No. in the transition zone so that,
no~t surprisingly, no pronounved peaks were e'perienced for the smooth cylinder.
The rough cylinder did however show a peak at abou, V/wdtL5.

iorther relevant references are Refsa. 25, 14 and 26. Ref. 215 shows a peak
rpducedjelocity .if V/wd a at a Reynolds No. in the rangp 1.5 x 106 to
2.2 x I . HoweveL, Ref. 14 reports on tests concern,%d only with models of
!;XtUAl laRIMh vehiCIPA and shows that for the Saturn I-B and Saturn V mcdbls
vilnn self-excited oscillations were experienced at Reynolds Nos. as high as
4 x 10h hasei On Maximum diameter. For these models the peak ; espainse appeared
to b,- a resu.; of vortex snodding from the lower stages at a Strouhal No. of
0.2 based on the mxiximum diameter of these stages, When the structural damping
wru incraied th - shArp re'ak was eliminated and the resnponse was characterised

- N ranriom amplitude constant freouency motion.

Pef. 26 is a review paper con7erned partly with ground wind problems and in
addition t. overall bpnding oscillations it al~so considers the buffetil.g problem
of locelised portions of the structure. The relevhnce of this to the ovalling
nrol;:em will he Mircusqed later.

3. V~irtex Shpddjri~tj(rnmenA - Full Scale

3.1 Swaying 0scIations

The wind-excited swaying vibrations observed on tall chimney stacks occur
chiefly in the supercritica) Reynolds No. range. As Dnn Vartog reported in Ref.4 ?27 4vich vibratlons have been observed with a valiie of S N 02uptRN

4 F-2 x 106 which agre^8 with the values in~iicated in Fig. 1. Other full-scale
_,xeriencLs are quoted In Refs. 3, 28 and 29.

In partictLcr Pape- 2j cf Hof. 3 should be mentioned as it relates to aV space frame~ structure (the Gyrotron at EXPO '67) composed of 8100 tubes each
16ft. long x 6in diamoutec. and tiavinq on,- of four possible wall thicknesses.
The flattened ends of the tubeis were bol.ted to special end joint membars such
that the tubes were much stiffer in the flattened plane than normal to it.
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Oscillatione occurred in the plane of the wind at wind speeds of about 25ft/sec.,
ia the tubes whose flattened ends were perpendicular to the plane of the wind
and at 50ft/sec. transverse oscillations occurred when the flattened ends were
in the ane of the wind. The streamwise vibrations are clearly caused by the
stream. ise component of the vortex sheddin; T-riodic force at a frequency twice
the lateral component. This also supports the evidence quoted in Section 2.2.

It should be mentioned that any theoretical prediction of the natural fre
quency of such a tube structure should take due account of the effect of any
inplane compressive load causing an effective reduction in the frequency.

3.2 Ovallin Oscillations

Ovalling oscillations have also been experienced on various chimn.eys as
reported by Scruton (Paper 24 of Ref. 1); Johns and Aliwood (Paper 28 of Ref. 3)
and in Refs. 30 - 32. From these results it has been suggested in Refs. 30 and
31 that ovalling occurs at a wind speed such that a 2 to I relationship exists
between the ovalling natural frequency and the vortex shedding frequency (see
Fig. 3(a)). This assumpton has been questioned in Paper 28 of Ref. 3 and
Figs. 3(b) to 3(d) show possible 4 to 1, 1 to I or 3 to I relationships. if r
is the value of this critical relaticrnship and SN - 0.2 the critical wind speed
is given by

V _- 5wd/r (2)

where r - 1, 2, 3, 4, etc., signifying progressively lower critical ovalling
wind speeds. The lowest actual critical wind speed would depend on the struct-.
ural damping present and on some parameter such as (e V /E), i.e. the ratio of
aercdynamic and structural stiffness. The results for the full-scale chimney
described in Paper 28 of Ref. 3 indicate a value of r - I as being mos. likely
rather than the values of r - 2 reported earlier. See Section 5.

Figs. 3(c) and 3 (d) are based on the possibility that the axes of the
zvalling mode are not crthogonal with the wind directn but are aligned with the
axes of the resultant periodic surface pressure distribution which are not
necessarily orthogonal to the wind.

Evidence for this latter possibility is given by the fact that significant
streamwise swaying oscillations are possible at a frequency twice that of the
lateral oscillations (Ref. 20 and Ref. 21) and by the form of the measured
pressure distribution snown iR Paper 28 of Ref. 3 which is seen to have a
resultant close to a line 135 from the stagnation line.

The circumferential modes excited during ovalling clearly constitute a
design case of significance and require detailed analysis and test to ensure a
particular structure has sufficient integrity to meet this case. In many ways
it is comparable to the local buffeting or forced vibration case discussed in
Ref. 26 and in Zection 2.3.

4. Cylindrical Shell Vibration Analyses

The following procedures can be usedto study 6he invacuo vibration
characteristics of circular cylindrical shells:

(a) Exact solutions of the shell governing differential equations

(b) Variational techniques such as the Rayleigh-Ritz and Galerkin's method

(c) Finite element-or finite difference approach

Because of the uncomplicated nature of the assumed shell configurations
it was decided to use the continuum approaches of (a) and (b) only.

The assumed uniform shell configurations studied have been:

(A) a shell clamped at its base and with a free or ring-stiffened upper end,
i.e. a typical chimney structure, and, secondly,

(B) a shell simoly supported at both ends and stiffened with intermediate
rinqs and/or stringers.

For the first case (A) using a variational approach, three possible types

of axial mode shapes have been considered viz:

(i) a twr dcgree of freedom polynomial function as in Paper 28 of Ref. 3;

(ii) a two degree of freedom trigonometric functiin and
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(iii) a two degree of freedom "beam function" approximation

These three types of modes have been discussed in Refs. 33 and 34 and approp-
riate results presented. Fig. 4 shown the envelope of the non-dimensional
structural frequency parameter & for various values of circumferential wave
number n and length/radius ratio (1/a) for a particular value of radius/thick-
ness ratio (a/h). The shell upper end was free.

For shells of large L/a the minimum frequency will correspond to n a I
i.e. a swayin oscillation. For smaller L/a the minimum frequency will cores-pond p~gressively to n a 2, 3, 4, etc., as L/a decreases. Should the wind
excite theme higher n modes the term 'ovalling' no longer seems appropriete and
the term "breathing" oscillations is perhaps to be preferred.

It is to be noted that for moderate to large values of Ula the assumption
of zero hoop and shear strains in the shell elastic equations leads to consider-
able simplifications in the akialyses with no signiicant inaccuracy in the
results. The main implication of this assumption is that the sextic frequency
equation which would generally result from a full treatment of the shell equat-
ions using two generalised co-ordinates in the axial modal functions, reduces
simply to a quadratic frequency equation.

It has also been shown that the addition of a single stiffening ring to
-the free-end of a clamped-free shell may not significantly increase the fre-
quencies for modes of nA 2 (for n - I a decrease resulta) and results for the
particular chimney described In Paper 28 of Ref. 3 show that even with an
infinitely stiff ring an increase of only 20% is possible over the zero ring
frequency. Since a aingle and ring has !. .Ated advantagee in raising the
ovalling natural frequencies a much more useful solution would be to add
intarmediate stiffening rings at fairly close spacing along the length of the
shell. Per reasonably stiff rings Ref. 35 based on an exact solution can be
used directly to predict the frequencies of each intermediate shell section
for either simply-supported or clamped end conditions. For light intermediate
rings the more general method of Ref. 36 should br used which also follows an
'exact* method of soluticn.

Another investigation has recently been completed (Ref. 37) using a var-
ational approach for shells stiffened by stringers and/or rings simply
supported at their ends, i.e. the second case (8) referred to earlier. The
main conclusions were that the in-plane (axial and circumferential) and rotary
inertias can have a significant effect in lowering the breathing natural fre-
quencies of vibration of shells, particularly for stiffened shells. Eccentricity
of the stiffeners also alters the frequency spectrum considerably. Of all the
possible stiffener configurations considered, internal rings yielded higher
frequencies compared to other configurations and strinqers when attached
internally or symmetrically could yield frequencies lower than the corresponding
unstiffened shell. The results for the cases analys-erds~ow that calculations
treating the stringers as discrete elements have little advantage over those
with the stringers treated as smeaxed even for sparsely spaced stringers. The
results shown for n - 1(i.e. sway oscillations) in Fig. 4 from a detailed
ai.alysis using shell theory could also have been obtained with very little
error from "engineers beam theory".

This latter theory has had wide application to beam-type static and
vibration problems and one interesting such application is reported in Ref. 33.
~(8 shows how an 18% increase in base bending moment can occur in a typical
large, liquid-fuelling booster vehicle due to the interaction of inertia
(gravity) forces and lateral wind forces. Whilst this analysis dealt specific-
ally with statL loadings it should b, noted that similar effects, e.g. of the
inplane gravitational forces on the natural frequencies and of the additional
inertia force bending moments due to lateral deformation, should be consideredin dynamic wind load studies.

L wind Tunnel Ovalling Studies

The design of experiments to simulate valling in a wind tunnel requires
that the normal rules of aeroelastic modelling be obeyed as far as possible. A
general discussion of scaling is given in Ref. 26 and Ref. 23 discusses
scaling as it applies to vortex shedding induced vibrations.

In general the main requirement is for geometric similarity, viz. the
asame values for model and prototype of Us; a/h, etc.

The corresponding ovallin frequency w is then given by

wa e. e( . (!) (3)

Ua
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and if, from eqn. (2)
VOwa (4)
crr

it is seen that,

cr 3 ) (5)

Therefore for 3. geometrically scaled model of the same material one would
expect the same value of Vcr provided r is also invariant. Unfortunately,
the Reynolds No., i.e.

Vd
RN ' 7-

d
will vary from model to full scale according to the parameter - and if At is
invariant there is a direct scaling error In RN and possible
an error in SN. If a compressed air or other tunnel is used which can
reproduce the full scale Reynolds No. whilst keeping V the same then the value
of dynamic pressure will be in error so that even if the material and the
damping is the same for model and full-scale the ratio of eV /E will vary.

All ovalling tests to date by the present author have been made in an
atmospheric wind tunnel using al'iminium shells rather than steel as in the full-
scale struc ures. This change of material did not significantly affect eqn. (3)
since (E/W) is approximately the same for both metals. However, with Ver being
the same for model and full-scale the value of CV /E is obviously 3 x
as large with the aluminium model as for the steel full scale structure and one
might anticipate that a lower VC, mighQ hav been obtained as a result.

In fact the full scale structure ovalled at a speed corresponding to r a I
in eqn. (4) whereas the model structure: ovalled at a much lower speed with
r = 3. This single result would indicate that V is a function of (E/.V2 ). It
should also be mentioned that photographs (e.g. Fig. 5; and film taken during
these model tests show an ovalling pattern nforming to Fig. 3(c) or (d), i.e.
where r - I or 3. These records also indicated very large amplitude oscillations
of the order of 10% of the diameter and low fatigue life.

Further tests have since been made on shells of smaller L/a and as expected
it was found that breathing oscillation; occurred in the lowest modes correspond-
ing to values of n - 3 and above. The evidence to date for sub-critical
flow suggests that the amplitudes of oscillation likely to be experienced in the
high n modes should be small as the correlation between the circumferential
modal shapes and the unsteady pressure distribution ( as shown in Paper 28 of Ref.3
for a rigid cylinder) should be weak. However, whether this will be so for
supercritical flow or whetherat any Reynolds No. 'locking in' of the flow to the
breathing vibration mode can occur as for swaying oscillations remains to be
determined. It is clear however that further research is needed on these topics
for both civil engineering and aerospace engineering applications. Supercritical
Reynolds No. ovalling tests are planned for September 1969 as are more subcritical
tests with both steel and aluminium models. These will, it is hoped, give
further useful information.

6. Conclusions

The nature of vortex shedding and of the associated dynamic instabilities
of circular cylindrical shell structures have been discussed. Special
attention has been paid to swaying and ovalling oscillations of such structures
and recent experimental data considered.

The ovalling oscillations were seen to be of large amplitude sufficient to
cause rapid fatigue and clearly much more research is needed into those structural
design cases which involve circumferential modes of vibration.

Methods of analysis to determine these vibration modes have been outlined
and the efficacy (or otherwise) of various types of stiffening discussed.
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Notation

a radius of circular cylindrical shell (ft.)

d diameter of circular cylindrical shell (ft.)

Young's Modulus of material (lb/in2)

h thickness of circular cylindrical shell (ft.)
L length of circular cylindrical shell (ft.)

n number of circumferential waves

N vortex shedding frequency (hertz)
r -number in eqn. (2)

R N Reynolds No. - dV4I
S N Strouhal No. - Nd/V

V velocity (ft./sec.)
w natural frequency of shell (hertz)

Cr ~ density of shell material (slug/ft.3

density or air (slug/ft t3

kinematic viscosi-y (ft. 2/sec.)
non-dimensional frequency paramreter Ta s2(,1 1A 2 )W 2/

Poisson's ratio
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- n dominant rol. in the design of launch vehicles is played by the atmospheric distur-
bnces 4ncountered during flight. A wide~i uaopted philosephf to derive the aerodynamic loads in-
duced by these atmospheric disturbances is that of considering the distribution of the atmospheric
air velocity field as a quaoi-steay horizontal compqnent (wind profile) with superimposed unstea-

dy fluctuations (gust).

- In this note the resultG of the studies performed by FIAT for the definition of the
design just veiccity to be adopted in the ctlculatione of the lateral dynamic loads acting on the

ELOO a Vehicle during 4,light will be reported.

- The problem of the gust is treated from a statistical point of view, defining a gust
relocity not to he frct, id during all tha flight, with a given robability of occurrence; on the
baxis of word wide statistical data of vertical gist velocities, the probability to encounter du-

ring s givm flight traje tory a gust of assigned intensity has been evaluated. The total probabi-
lity is o" .ained through integration along an assigned trajectory of the frequency distribution

componentb in which ahe turbulence has been subdivided.

The two dimensional gust velocity frequency distribution to be adopted in the design

of Space Launch Vehicles has been derived from data relative to vertical gust measured by aircraft.
The intensity of tee gust whieh has a given probability to occur during an assumed trajectory is

reported in a series of charts, that may be used both for the design and the pre-launch checks

prooidure of Space Launchers.
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STATISTICAL ANALYSIS OF GUJST VEMT-E S OR A(M LACZRS R(

Dtt.Thg. E.Aibanese, Dott. ?-De~l1zcqua, Dott.IaS . E.Vallerani

F I A D - ivisione Aviaziome - TORINO - ITALIA

1. INTMJCTORY RMACRKS

During the ascent traject-.cr through the atomomare a Satellite Launch Vehicle may b-
subjected to the actions of atmosphevic disturbances that signific!antly contribute to increase the
aerod-naa&c laadn. s well as to aggravate the vehicle control problems.

The mechanism of the atmospheric disturbances is very complex due to the random nature
vf the air motion, that is caused by a wide number of variables; nevertheless the serospao* vehicle
designers have felt, since long time, the need to schematize these phenomena in a way tuitable for

the rvaluati i of their implications on the vehicle.

The deficiencies connected with the methods usually adopted to detect the distribution

of the atmospheric velocity field, methods that smooth most of the guatness since perform m asse-
ments of wind velocity averaged over a time period, have lead to the subdivision of the atmosphe-
ric disturbances into a quasi-steady mean horizontal wind component, named wind profile, to which
are superimpoeed the unsteady fluctuations, named gusts.

A synthetic wind profile, statistically representative of a multitudo of wind profiles
measured in a given place during %. given period in which the launch is expected to occur, ought he

obtained; in absence of more circumstantial information the vell known Sissiwine wind profile is

usually assumed for preliminary design pourposes.

The very time dependent uns'ceady fluctuations in wind speed, not included in the wind

profile, are taken into account through the adoption of a discrete gust that should be statistically

representative of the local and temporal atmospheric conditions.

To the loads determined assuming the synthetic wind profile, are to be superimposed the

loads due to the gusts; the mr-iods sdcted for adding up these loads are not yet standardised and

are related to the general design philosophy adopted for each vehicle. In the preoent note orly the

magnitude of the discrete gust velocity occurring with a given probability during the entire flight,

(to be adopted in the design) will lie discussed and not the methods to derive the loads induced on

the vehicle and the way in which these loads are combined with the other aerodynamic loads.

A different more detailed approach for dealing with the atmospheric air unsteady fluc-

tuations is the continous turbulence approach utilized in connection with random process techniques

to fcalculate the response of a vehicle structure in terms of the power spectra density of turbulen-

ce encountered during flight; this method, of more aodern conception gives undoubted advantages of

completness in the spectral description of the loads induced on the structure but requires r

knowledge of the phenomena of more difficult acquisition.

In the present note a method is outlined to define, on a statistical basis, for a

given trajectory the probability to meet a discrete gust with a velocity intensity Vg greater

than an assigned value; or. converserly, for defining a gust velocity intensity (Vg) not to be

exceeded, during a given trajectory, with an assigned probability p .

The use of such approach is justified in the framework of a general design philosophy

based on an assumed probability of launch success; this implies the assumption of a g*ven &,et ve-

locity value (design gust) having an aesigned probability of not being exceeded during the overall

flight, that meets such requirement such design gust is supposed, for conservative purposes, to

occur at any time during flight in a plane perpendicular to the vehicle longitudinal axis.

4
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lowir ~1TVLCTY -ACCXUWING TO P!OSABLITY OF OCanJrIWIcZ

Tk,,pups of the present note ts the evaluation of the design guat velocity, that is
t. say the gust velocity having an assigned probability of not being exceeded during the -entire
fliot at a vehicle; this evaluation is acoomplished an statistical basis considering the frequen-

cy istituionofgust velocities G(VS) defined as the iversge number cd gusts per unit path

The appropriate distribution of G(Vg) is greatly dependent an the atmospheric condi-jtiana; therefore is useful to separate the air turbulence distribution into several conponenta;tw
adscomoomte m cnvntinaly asumdtthe "storm turbulence" an the "clear air urbuene

The forqer Is connected with the sevore conditions present in thunderstorm and later with the con-
ditions relative to moderately rou~gh clear air. These two types of turbulence ae combined in dif-
ferent proportions with the nou turbulence (still air) condition according to the mission i-d the
typeo ate"icle under consideration; for special classes of Launch Vehicles only the clear air
=wipoments mnst be accounted for.

Even if several parameters wre expected to influence the frequencey distribution of each
0c6oRpat, much as altitude, latitude, launch site orography, season of the year, up to now no my-
steuatiq dependance has been found oxao for the altitude. The theonique, more widely adopted to
detarmine that dependence of the frequency didtribution of the gust velocities, is based on the
measurements of the vertical accelerations experienced by an aircraft during horizontal flight; by

* thi~s method therefore only tha voi'tical compoments of the gust velocity distributed at random re-
Spoest to all direction& is ascertained.

noe representation of the altitude influence on the gust velocity frequency distribu-
tion, that is derived from such type of if eareinnts, is given by a sam of distribution components
or e4Apntial type

6 CV,:). Ila, 1 (z)xp[-f1 (z)Vg] Eq. 1

where, 04 is the average number of gust peak per unit path leught (I IKm) relative to the i-th

I )is the proportion of the unit path loaght in which the i-tb distribution component is
expected to occur.

(%C) is a function expressing the influence of the altitude on the i-th distribution cooaet.
The still air condition (' 0) is obviously chaaecterized by oc - 0 and Pa .- Z IP

Relatively to the achematization of the air turbulence previously reported, only two

componsnta are asasud namelya clear skir turbulence (i - 1) and storm turbulence (i - 2).

Several problems require the knowledge of the projection of the three dimensional gust
velocity frequency distribution into a pitne normal to the flight path; not being readily available
uip to now theme informationuse has been made of the one dimension atmospheric turbulence data ob-
*aJifd from airplane coerations suitably transformed.

The assumption (4 spatial isotropy of the atuospheric turbulence (1), (2) allows, in
ooetion with the methods developed by Fine (3) end generalized by Bullen (4), the transformation
from the vertical gust distribution to a plane distribution. According to sach method if a mne di-
mensional cumulative frequency distribution projected from a three dimensinal. detribution is of
expoenmtial typea

uCost *XPL[- X cost 2 112,X 12K Wx Sq. 2
J-~ ~1/2P 1

tbm the projected oumlative frequency disttibution in two dimension is
v~~ Cost'-x Wx Eq. 3



beingK,(X)the modified Besel function of order T defined by Waston (5).

The. increase in the frequency diatribution in passir4 f-cm a an dimmasinal. to a two

dimensional treatement Wy be expressed ay the magnification factor

X . QXP [X] (X R.

The trend of such function computed from the tables reported in (5) is mhown in Fig. 1.

Aj.yTin;. the above transformation to each ci the diatribution frequenicy compcnents, the

generalized ti, dimenaic nia distribution, derived from th one dimansional (eq l), tuns cut to 0es

, (Gz) 1 fi B (zl.flZ). VgKI (1i (Z)'V9) Z 5

For the gentira.Azed frequency distribution the mapn 9 ioatien factor provicusly intro-
duced turns out, under the aseumption of no correlation among t* distribution components to be
exrossed by the relation:

40 (V9.Zr_ G (Vgz) M 4i (V9,gz).0 i a; (z).exp[-fgMz)Yg) 8q. 6
GV (Vqz) E 1acis (z) eXP[ef 1(Z).Vg]

For any assigned gust velocity value V& , knowing the above mentioned distribution

frequency functions (Eq,1 and Eq.5), the probability to met along an assigned flight n'h a gust
with an intensity equal or higher than Yg , can be determined on the basis of the ty ectory; such

probability is obtained integrating the distribution frequency G(Vg,Z) over the trejeotory path!

integrating) th ditibLo Eqeqenc

In general the evaluation of the above line integral (Eq.7) cannot be perfomed anali-
tically due to the complesaity of the integrand and, for complex trajectories, also of" the path of

integration; anyway ita evaluation can be accomplieSed by means of numerical mthods.

It would be desirable to have, for the launch site of interest, the collection of the

informatin of the meaaurements of Cie vertical gust velocities, performd during a given period

of the year, in order to derive frequency distribution of the gust in the form prevously discussed

(Eq.1) to be utilized in the prusent method for the definition of the design gust velocity.

In absence of the specific information resort is usually made to the information on

atmospheric turbulence relative to world wide statistics such as the one reported by Pre" and
Steiner (6) w over the altitudes up to about 18 Kal( 60 Kfoet. ).

The si, olified model used in ref.6 to describe the turbulen.- ome introduced by

Me Dougal et alii (7) that conaidera two types of turbulence termed "storm turculence" and "non

storm or clear air turbulenoe"; ths frequency distrl.;ution obtained by Press and Steiner for these
two types of 'gust distribution are &

storm 1 (U ) a 20 xp Ud./ 21 K11 Sq. 6
1 do

non storm ( U de s p .3 Kq.9

The and k distributbne are frequency distributions ner .aie of flight defined as

function of the derived gust velocity Ud. expressed in ft/sec. ; the intensity parameters K mad
K2 , variable with altitude are reported in fig.2 of ref.6.

- .,~t



The overall gust distzibttion proposed in ref.6 is therefore given by:

20 Un,) x2  S-U*x /2.2 Kj] + 15 B2 *XP [- Ude /5- K2] sql

being indB2 the appropriate proportions of flight distance flown respectively in n(%-atorm and
storm turbulaice; then values, variable with altitude, are reported in fig. 4a, 4b ox ref.61 the
sitisaton of much values, expecially B2 i, as discussed by Iress and Steiner, very crude and is
based on several assumptions and extrapolations that need further confirmation. In absence of muro
detailed data we will assume nevertheless these values for our analysis.

The distribution reported by Press and Steiner (Sq.10) fallswithin the general form
of eq. 11 transforming the units and introducing the true air speed instead of the oquivalont do-
rived velocity, the following values to be inserted into eq. I are founds

a (Z)= 3.20 f2 (Z)- -- 3.21%r,

8.1 2.2 K1 5.3K 2
The variations With altitude of the parameters KI ,K 2  61 a 3 2 to be used in onnection with
eq.1 and 5, obtained from ref.6, are reported in fig.2, while the computed variations offl(Z)and
f2 (Z) with altitude, ar reported in fig.3.

The one and two dimensional fr -quency distributions per Ki oeter of path lengthG,(VIAt)
=dG**(VIA)of the gust velocity Vg,evaluated on the basis respectively of eq, I and eq. 5,

assuming the two components& jupposted by Press and Steiner (6) are plotted as a function of velo-
city and kltitads in fg. 4 and 5 respectively.

It can he obeerved from the results reported in fig 4a and 4b that for the low va-
lues of the gust velocity VS the slope of the curves, wathover the altitude, is steeper than for
the hiohr gust velocity values. This is comnted to the fact that the frequency distributions at
the Io velocities are dominated by the clear ai- turbulence component, that having a value of the
altitede function f higher than the storm aopacnent (1 "' s2e. fig.3) more rapidly decades, so
that for the higher just velocities nly the storm component influences the frequency distributi-wi
in the range of intermediate gust velocities both Ithe components give the same octribution to the
frequency distributions. Ai. fact determines the characteristic shape of the curves in the semi-
logarithmic plane that are formed by two straight lines connected by a curve.

The higher frequency values fall in the altitude range from 7 to 11 Ks. where also the
Si"Anwine mind profile reaches the maxima values; for all velocities at an altitude of 9 Ks. a
maims is reached.

The manification factor If relative to the transformation of the clear air turbulen-
as Inmt of the gust velocity frequency distribution passing from a o dimnaional to a two
dimnsional atment results, whatever the A, .itude wA velocity, greater then the corresponding
factor % relative to the storm turbuleNe component.

The values of the overall mignflation factor #(Vgg)dafinrd by sq. 6 , are reported
in fig. 61 from the performed ecqputatims it has bee observed that for gust velocities higher
then about 10 s./swa. this value is almost coincident with the 40 2 value relative to the storm
tu bule ce omponsmt, while at lower velocities it is inflnced by both the components.

The general trend for velocities greater than 10 a./se. is oharacterized by an inorea-
se of Y fer Increasing velocities and a deo*sing altitude; in the low velocity range the trend
is complicated by the different contribution of both the frequency distribution ocimonents.

K ---__ i -,Ila I ,ia.-
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The probability P to eest a gust, having a velocity higher than an assigned value, VS
during a vertical path ranging from sea level up to a given altitude Z has been calculated an the

basis of the cai-diuansional and two-dimnioal distribution functions G #ad Gam; the results a"e
reported in fig. 7a and 7b respectively.

The &sve results can be also applied to r~ tilinear trajectories intodacing a conistant
factor equal to the inverse of t' cosine of the angle etween the rectilinear trajectory and the

vertical.

From figures 7a and 7b it can be oserved at, whatever the gust velocity, the cotri-
bt'tion to the probability P given by the frequency iatribution relative to the altitudes above,
around 14 - 15 Ka (except for the highest velocitie Is quite small. The condition P;N oorrpn,
by definition, to the certainty of meeting during iflight a gust velocity Vg.

These charts can be used for the choice of the design gust velocity; a gives probab. lity

of occurrence is assumed and, in connection with the flight path, the associated gust velocity ib
found.

If the probability of 1% is selected as a design criterion and a vertical path from 0
to 2D Km is choosen, the design gust velocity Vg - 7,4 n/see, assuming a cne-imanional frequency
distribution, and V& - 9,5 a/eec, assuming a two-dimensional frequency dcbtribution, is found.

3. DEIGN GUiST VELOCITY SSIZCTION FO)R ELMO - A SATELUlI MOMU( vUBL

FIAT Aviation Divisions under request ef ELMX (European 1,auncher Development Organizas-

tion), hats developad some studies to determine the Design Gust Velocity value having the 1% proba-
bility of occurrence during the entire flight of the ELWD - A Vehicle (8).The work performed for the
ELW TD/B12 has offered to the authors the opportunity to develop the more unified treatment of the
design gust.- velocity definition reported .n the present note; we briefly report hereafter the basic
considerations and the results of sich work done for the ELM) - A Vehicle.

in absence of gust iata relative to the Woomera (Australia) launch site, the data of

reference 6 relative to the frequency distributions have been adopted.

The trend of the dynamir pressure curve relative to the CMW - A Vehicle flight trajec..
tory and of 0%e Sissinwine wind profile, versus altitude, have suggested the possibility to neglect
the econtribution brought by the low and high altitude wuiges to the probability of encountering a
gust of an aapeigned velocity.

It can be observed in fact from the curves reported in fig.8, that below about 6 go af

above ebout 18 Km the values of the dynamii pressure q do not exceed the W)% of quas mnd the
value of the wind velocicy is strongly reduced with respect to its maxisaam. This justifies the poesi- -
bility to limit to a reduced altitude range the investigation relative to the probability of maeting
a gust velocity knduoing ce itical load&aon the vehicle structure.

It has been observed that the gust velocity connected with 1% probability does not vary
4ignificantly for the three 'altitude ranges considered in the parametric study and reported in fig.B.

The influence of a magnif ication factor with a value 2 C3 has been analysed to
offer a parametric investigation around the value of IPa 2.51 suggested by Fine (3) in onnetion
with straight flight paths having different slopes with respect to the vertical.

The results of this parametric investigation are reported in fig.9 for the thre, altitu-
de ranges chooses and are compared with the corresponoding curves deduced from the more accurate
analysis reported in the previous paregraph.
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The influence of the slope of the trajectory is quite small even if angles up to 450
have be, nvestigated, that means that the flight path deviation from the vertical is not very
significa.

The comparison reported in fig. 9 convalidates the assumption usually made of I £2.5
the resulting gust velooities with a probability of occurrence of the 1% inthe altitude range in-

vastigatea lies between 8,5 and 9 s/sec.

On the basis of these results a value of 9 /sac has been proposed an design gust ve-
locity for the ELID - A Vehicle.

4. OCNCWSIONS

Tm method exposed in the present note enables a rapid evaluation of the gust velocity

asociated with an assigned probat;.lit to be adapted in the design of space launch vehicles.

Cksidering the ecarce influence of tIe trajectory slope with respect to the vertical,
the probability curves P., (fig. 7b) relative to a vertical flight path, offer a mufficently good
approximation of the probability function P associated with a general trajectory of a launch
vehicle.

Assuming a me per cent probability of meeting a gust .velocity along thq entire tra-
jeoctory, the oorresponding gust velocity is about 9 s/sec.

The method is aditable for including more realistic frequency distributions provided
they are given in the form of siponentials
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a1  s the average number -vf gust peak per unit path Length (1 Um) relative to the

i-th component.

B, a th- pvrticn of the unit path length in which the i-th distribution co.-
ponent in expected to occur.

ta a function expressing the influence of the altitud oan the i-th distribution
component.

G (Vg,z)  p, anydsrbto of gut eocitie..
K i  i Modified Besel function of order J

L Path of integration

PL (Vg) % Probability to meet along the path L a gust with intensity higher than Vg.

Vg I Gust velocity (m/eec).

(Vg)p Gust veloity associated to probability of occurrence P.

2 Altitude ( Me )I

Magification factur (m Eq. 4).

(7 Ratio of free strau density to sea level dflaity.

Suffixes.

t Ganditiona relative to the one - dimensional distribution.

a Condition* relative to the two - dimensional distribution.

0 s mnditions reletive to still air.

1 1 Ckditions relative to non storm (clear air) turbulence.

2 s COnimtions relative to atom turbulence.
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Aerodynamique des parois porfordes; Apulication au. proet d'6crans do protectio
6ontrre 1.vent; Et1ude dui tonctionnement de oem oscrana

par Jacques VALENSI et Jean REB9ONT()
Institut do Mdeanique des Fluides do, 'Univeruit6 d'AIX-MACSEILLE

1. Le probl~me do l'adrodynamlque des parois perfordes so pose dons e j
nombreuses applications, notain' ent done 114tude dui projot et du comporteMent
des parachutes alnsi-quo dane l'dtuee des 6craiis dostinds A prot6ger un espaceI ddtermind des actions du vent.

11 est rendu compte ci-aprsa dew~ rdsultats dlessais syst4matiques Vil ont
6t0 conduits & 1'lnstitut de Mdct-niquo des Flimides do Marseille Onu 1952 en vue do
ddterminor les propridt6a admilynamiques dune band. porous. inddfinie. exposdo
& un courant dWeir stationnairo, do vi~asse uniform. A linfini, normale au plan do
la band. (3) (4). Un calcul. thdorique a dt# oxdcutd, qui a permis d'atteind-e
lxpression du coeffi'itent de traflide adrodynamique de la bands, par unit6 do
longueur, on fonction de sa porositV adrodynamnique et dgalemont en fonction do @a
porositd gdomdtrique (1) (2).

Ces diffdrentos acquieitions ont requ divorses applications, en particulier
dans 1'd-tablissement dui projot d~un mur pare-vent inetaild on 1954 dane le port do
Marseille on vie do pr( Idger des actions du~ vent lee naviros & quai et en coura
daccostage (5), ainsi quo tout rdceminent dans l'dtablisment du projet d'dcrans
dostinds & protdger des actions du vent des zones d'h&abitatioai (6).

2. Coefficeont de rdsistance A lavancement d'uno bwnd. porous. inddfuioe

2. 1. Mesures
Loe mosures ont dtd effectudes on soufflorie sir uno bando do

hauteur h -15 cm, traversant la section do la veine d'ossais. Dana sa partie
mddiano, une portion dq la band. a Otd rendue inddpondante dii route do la band.,
do fagon A permottro lea mesures do traflhte. L'dcoulement ':is cette portion,
disposde syindtriquement par rapport au plan vzrtical do sunatrie do ina veine, or

bidimonsionnel; autrement dit, lea mesures efoectudes carac-.driserit uno bandoI d'allongement imi.
Out dtd essaydes des bandes faltes do toiles mdtafllioues & mailIos carrdes.

do 4.4iff~rentes porositds geomdtrienies (rapport de la surface projotde don vilos A !a
surface totale), ot dgaa.enent Joe bands taites do W8es mine- jpeifordos A trousI rondo dispoods en quinconce, do diffdrentoa porosltds gdomneuiquos. Pour corn deux
typos do Landes poreumos et dane 1. domain. utiliad des vitessos ( V compris entre
10 et 30 me-! )' 1. C eat foncition do A et do V . mais pour un A doirnd, C

x x
tend rapidement yors une limit. loreque V augment.. A dgalitd do A et do V , le.I d'uno toil. mdtaMque out diffdront do col'i A 'it. i-rforde; pourtant, ii eat
possible do trouver uno expression tres simple pcur le C limite (fluide Incompres-

aible, nombre do Reynolds rapportd & la hau~teur do la. band, de 1 -,.re de piusieurd
millios) , qui roprdaonte avoc un. trbs bonne approximatior lea rAsult ato des
expdriences et qui esat valable aussi bien pour les m'iles mdtallIques quo pour les t81,s
penfordes. 11 sutfit pour cola d'introduire ure nouvello grandeu.' memurable, Ia

(3c) J. Valensi, Professeur A Ina Facultds des Sciences, Directeur do l'Institut
do Mdcanique des Fluides do 1'Universitd d'Aix-Marseilio
J. Robont, Ingdniour du CNRS, Chef du Bureau JiEtudes do 111. M. F. M.



poroait6 adrodynamique T~ qui eat ddfinie par le rapport dui ddbit traversant la
bando, par ui do longucur, au produit do la vitesse V de l1air & 1'infini par Ia
hautwir do Ia b~nde.

La porositd adrodyiiamique pout etre dgalement ddfixdie, en conaiddrant Io
tube do courant qui s'appuie sur Ie contour de la bands, comma Io rapport do Ita
rsoction droite & 11inflni amont de ce tube do courmnt & la s3urface do la bands traverude
par 10 couirant.

Do cotte fagon Ia mcsure de la porositd pout 6tre effectude d'uno manibre
prdclse an utillmant I& m6thode des fumdes miss au poin~t par P'un des auteurs Ul y a
ddj& do longaios anndes.

Dane lo cam prftei Z let mnures mont effectud. a dans 1s plan vertical de
symtfle do la soT~fflerle et La pr-ositd 0r eat dgale av rapport do Ina hauteur dui tue
do courant &L 1'arnont do It bands, I& oti La vitoss et pratiquoment uniforms ( une
distanco do La bands #gale & eniviron trois fola a& autoar), & Is hauteur de la bands.
Oni trouve pour expression do C x: Cx 2 ( 1 -w2 )(fig. 4). Naturetoment Is 0

done cetto expresscn. d6migne Ia porosit6 limit. meaurde pour La vitemse V assurant
au C unitaire ma valour limit.

x
On remarquo quo cotte expreesion do C1 eat thdoriquemont valable dano tout

1. domaino do varislion do a', de 0) & 1 , limitem comprises. Pourtant, dens ;e
domain. It configuration dui ilage de Ia bando vanea considdrablemont, comme Is
montrent lea esaair do visualisation effectr'6s an x.'Uisant dciii moyona dleasais
diffeota: La soufflerie d'une part, up tunnel plat hydrodynamique, d'auutre part.

Los smais en soufflorie montrent d'aillours quo pour V variant ontre 10 ms-1
ot 30 me -1 ot pour des bandes do hauteur 15 cm, io caractbre gdndral du usilage
no ddpond quo do La porositd adrodynamique do la bind.

2. 2 C .ract~bre du aillage & l'a-,val d'uzio bande poreuad
Pour u, bande Ct-porous., on observe un ailing. quasi stationnaire

analogue A celul admia par Oseon pour u obstacla plein et on particulier, u bands
plein.o. L'dcoulemont, irrotationnel & 1'amont do La bande et autour do la band. A
l1'xtdrieur dui millage. ast rotationnel dane Is aiflage. A P'aval do Ia bands et dana
Ie siUr go. lea lignos de courant cieviennai;t rectilignes et paralihies A Ia direction do
La, vitosse & l'~nfil amnont, saul aux fronti~res oi l'or. observe une couche do disco'n-
tinuit. enroulde.

Pour des bandes do p)oroaitd ddcroissante Ie jillage ae transforme en un
tillage do tourbiflons alteruds empidtant progreasivement sir Ia rdgion calms
limdiatement. & Pavel de la bande.

La transition sleffectue pour un 0 voisin de 0, 63. Ceo caracteres sont bien
mis en dvidonce pour V $- 0, 5 per lee spectres obtenue am tunnel plat hydrodynamique
(fig. 1) at & la soufferie pour C <0, 6 (fig. 2).

L fr~quence do ddtachement des tourbillons aiternds pour une viteuse du
courant non perturbd donnde, eat fonction croissants do la porositd, tandis quo Io pas
des tourbillona eat ume fonction ddcroissante do La poroattd. C'rst ce que montre La
figure 3, qui roprdsente Ia frdquence rdduite des tourbillons alterads

(V -. 5. ot n d~signe la frdque-ice en cycles par second., at h Ina hauteur de

La bands), en -.onction de a.
On pout rapprocher con derni~res observations des observations faites par

B.G0. do Bray (8) & I'aide do film chauds, concernant Ie spectre d'Idnergie des
fluctuations do La, vitoase dana Is aillage do plaquos poreumom carrdem. Ddmiguant par
v Ia composante longitudinale do fluctuation, il vient:

2

v V F (V) d (LV)
=2 .I

- - . - - -.. - ---- - -V- -.- - - - -
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La Yonction V F (V) d 'aprtas cet auteur passe par ian maximum loraque A
eat inftrieur AL 0, 4, pour V z% 0, 115, quel quo salt A compria entre 0 ot 0, 4.
En fait, cette valeur de v correspond & la moyenne defj fr~quencos rdduito. do
ddtachement des tourbillona altern6s obtenus AL III. M. F M. , pour W compris ontre
0 et 0, 67. Comrme ii a Mt dit plus haut en effet, cotte fr6quence rddulte oat
fonction de 0' ,done de A

On va voir dans lea paragrapho. qui suivent In relation qui exist. entre
A et Cr I valablo quelle que sait ia forme des perforations ou des anaifles des

bandes porousos, pourvu quo lour dersitt4 ou leur rdpartition salt un~forme stur touto
l'0stendue de ia bande.

2. 3 Thdorie approchde de l16couiement & travers uno bande porous* (fluide
incompressible) de graride EorositL4 et do yneusu infliae norinle aua vent

2. 3. 1 Cette th~orle conatitue On fait uric application do la thdorie
d'Oseen, suivant la mdthode propoede par J. Pdrbs (7) utilisant I'dquation d'Eulor

dans laquelle on ndglige le produit VA rot v to o v d~signe Ia vitesse do
perturbation dans le ilage.

On pout montrer que l'dcoulement dans le siflage r~sulto do la superpositionI
d 'un 6couloment dit auxillaire , dbirivant d'un potentiel, et roprdsentant bien
l'd6coulement A llextdrieur du silago, avec un courant dit do retour, parallble A& Is
viteuse A i'infini et do menu oppoe.I

Dans le cas d'une band. tr~s porous., la composante do Is vitesie nor=Islo
la '-ande pout etre priae conatante ouar toute la hauteur do la bands, tadis qa'on pout
admettre ltdgalitt deg composantes tangentiefles do It vitesivo do part ot d'autre de Is
bande. nl vient alors pour la vitesse compieze do l-6coulement audliuire (1).(2)

h(2-0)+ h h( 1 -W) -± -+

tandis que la vitesse dui courant de retour parallble & i& vitoise & i'infini portd. par
Ilaxe des x , la bande dtant port6e par l'axo des y , eat conatante. Posant cetto
vitease 6gale A - 2 11, la porositt a , prend la forms

Cr h -H

0'h
relc n qul donne H fonction de or , tandia quo p prend Ia forme simple

Ap -2 ph 2( 1 -W)
11 vient done pour le C thdorique unitairo

C -4(10
It

et V'on remarquera quo l'exprossion empirique domi,&e plus haut pout s'dcrire

C 4 (l 1 - )C -2 (1 -0)2
X

L'exprcasion do C *correspond en fait & la tangento & courbe
It 

*

exp~rimnrtale pour W- 1 ;ello oat done bien valable pour W' trha vulain do 1.

2. 3. 2 Relation entro A et V'

Eflo eat obtenue trba @implement en nupponant Ia vItes. uniforms & Ia
traverade do la plaque et la pression uniform. A l'ainont et A l'aval do l& band. , qu~
dL~s lore, so conduit comme une surface do diacontinuit# de pression. Deux rlations
sont fournies, d'une part par le th~orthme do Bernoulli. appliqudeontre un point A
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1'infin' amont at un point de Is, section contractds des voines d'alr immddiatomsaat
& laval dos maillos do& toiles ou do. orifices des t~ies, d'autre part par i'qstion

do oontinultd molt

1 2 1 PV

*e---V Ip gu

ob Vndie 1slapliue ux raneumphlysiqus dons I& section contractds at ott m

d'o(m un d oepfienroontdractfonct d

1mA

lzpd'rlsn 11 eoxtressuon donC . domatin doui4 pa cu lsbu.1 ehwd

proadro pour lee toles mtalliques. pour lesquells C xset pratiquement constant,

m-0, 85 et pour los t~loo peforso C1 tant uns tonction ldgbrsment ddcroiusanto

do Re. 0. 9 4C m 4C 0. 95 pour 1000 C Re 4 3000 (fig. 4at 5).

Apikoatoa: Mur pars-vsnt perfor6

Los consldirations pr6cedenteo ont Mt mimes & profit pour Is. recherche do Is
configuration Optimabs d'ual mur dera. en vias do rdaier iane rdglon calms A I'aval
d'un mur dans Is cas dun vent dominant do direction parallb1e & i'aLzo do oymdtrie
du mur.

La figure 6 rand compte do I& configuration adopt6e . Pour dos ralsons do
stabilit6 m6canique at asi at d'dvite. Is formation d'1un sl1age do tourbilons
altsrnes Is mur eat constitut do Ceux parola parallbi..u prochos do porositt
gaomdtrique 0. 45.

L'.'ossl do cette configuration a #6 effoc~ud on souffirie (3, 30 x 2. 20 i2 ,
W0 me 1I ) cur we modle do hauteur h - 0, 450 m, pos6 ouar tans paroi plane horisontale
dout I& face uupdrieure liesse cofkaclds avec i* plan horizontal do symtrie do la veins.

Le bord d'attaque do Is plaque eat arrandi.IJ I11 a #td port6 our Is, figure 7, lse courbes d'izo-vltesse rdduites ua
parallles & '.a vitease du courant do Is souffleris, mosurs done tan plan parsllbbe
au pannemia central 4% mur et situ# & 1.,33 h , & laval do ce pannoaw. nl a 6t6 fgabement
reprdssnt# our Is mme figure. Is. direction at I& grandeur do Is. projection do I&

viteas rddult* do i'aIr our Is plan dos moaure. soit r-w.Lxmeue u t
offeatee A I'aide duns scuds andmonadtriqus directicansfe.

La protection du mur @'*tend our was rigion dont Is hauteur *at dgale A environ
quc I* dlzibm* do la presuion dynsmiqae amont du mur.

La figure I met an Eidence lsacendanc 8. do11coulemont & laval du mur sinsi
quo i'enroulemsm do Is. couchs do dlocontinuit4 I& fronti~re uuprieur3 du sihlage.
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Fit. I a Porositf ,4ouitriquo.) -0.45, T -0,64

FIGURE NON DISM-NIBLE

AU MMMW~ DE TIRAGE

Fig. I b ftProoitt g4omn~triquo A -0.86F. 0 0,82

Fig. I - esai au tunnel plat hydrobyamque hauteur 10 -mm largeur do
I& banG. 100 mm. Tole mtllqu* perfor*i'. Sillage 4. I& band;
inxtantan# 10-6 ",c *nviron. V -120 cm/a



Fig, 2 a -Porosit,4s

,-0

Fig. 2 b - Porosit~ss

A 0, 283 0'n, 45

Fig. 2 c -Pora in~

IA -0, 44 0. O63

Fig. 2 d -Porooitto

k 0, 5 0  170,67

Fig. 2 -Essain aux f=#ee. en r It fum~e est #mite en mant de I&
baird. do t81e perfor~e et uast I plan m~dan V =19, 30 m/s
4rwtantaji4 10-6 sec.
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larjgeur du mur U 2

ivesse dr I& souff1erip. V 18 m s



APPENDIX 'A'

I DISCUSSIONS FOLLOWING THE

PRESENTATION OF PAPERS AT THE AGARD

FLUID DYNAMICS PANEL SPECIAL TSTS' MEETING ON

"THE AERODYNAMICS OFA'rMOSPHERIC SHEAR FLOWS"

Sept. 1969IMuich, Germany



A

APPENDIX 'A'

DISCUSSIONS

This si~endix contains the discussions which followed the presentation of
the papers at the Specialists' Meeting on "The Aerodynamics of Atmospheric
Shear PloWs held at the Kijstlerhaus, in Munich, Germany on 15-17 September,

These discussions are transcribed from forms completed by the authors and
questioners during the meeting and are keyed (by reference number) to the
papers contained In this Conferezwe Pro-,eedings.

APPENDICE 'A'

DISCUSSIONS

Le prdsent appendice est un recueil des discussions qui ont suivi la
pr~sentat ion des exposgs i !'occasion de la RMunion des Experts tenue au
Kilnstlerhaus, a Munich, Allemagne, du 15 au 17 septecbre 1969 et consaerge
au th~me '*rhe Aerodynamics of Atmospheric Shear Flows".

Le texte de ces discussions a At4 transcrit a partir de fiches remplies
i cet effet pax las auteurs et par ceux syant d4sir4 leur poser des ques-
tions. Les discussions sont numerot~es suivant les num~ros de r~f~rences
des expos~s.
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DISCUSSION OF PAPER I

"THE STRUCTURE OF ATMOSPHERIC SHEAR FLOWS"

by H.Panofsky, USA

A.D.Young. (a) Is it generally the case that for large positive Richardson numoers there
are no strong winds associated with velocity shears, since the presence of the latter

would presumably induce turbulence independent of the Richardson numbers?

(b) Would not the presence of turbulence due to strong velocity shears result in spectra
of a different character from the turbulence associated with negative Richardson numbers?

H.Panofsky. (a) In the upper air, strong winds can occur in regions of 2arge positive
Richardson numbers, since the hydrostatic stability , strong enough to prevent turbulence;
e.g. in the "Jet Stream" we often find winds exceeding 100 km/hr, with no turbulence.

(b) i= .t.rpreling "strong 8hears" as 'zero Richardson numbers". the high frequency
(or high wave-number) from the spectra behaves in the same way with negative and zero
Richardson numbers. If wave numbers << 1/;6 (Z is height) there is much more energy with
negative than with zero Richardson numbers.

L.GoNapolitano. You mentioned that the probability distribution function of meteorological
variables is not always Gaussian. My question is: does the probability distribution
function in these cases obey any of the several other theoretical distribution functions
known from probability theory?

H. Panofsky. We have not attempted to fit any of such functions.

C.H.Gibson. There is some exnerimental evidence that many quantities related to the higher
frequency components of turbulence at High Reynolds umber, as well as sce'tr quartities
mixed by turbulence like temperature, may be described by lognormal probability distribu-
tion functions. In particular squared derivatives of velocity and temperature appear to
be lognormal. This behavior was assumed by Kolmogoroff in his third hypothesis1.

HoPanofsky. ActLally, I was talking about a different kind of non.-Gaussian behavior - the
variation with stability. Under neutral condition, the simple fluctuations of the vertical
velocities themselves are nearly Cuussian (although, not the distribution of the deriva-
tives). But with decreasing stability, even the vertical velocities take on skew distribu-
tions; many small dowrdrafts, and a few large updrafts.

L.G.Napolitano. Has anybody provided yet a physical explanation for the occurrence of
skewness in the probability distribution function of the velocity components?

H. Panofsky. Only the qualitati-e explanation that convections near the surface consist
of narrow columns of strong updrafts surrounded by large areas of slowly sinking motion.

REFERENCES

1. Kolmogoroff, A.N. J. Fluid Mech. 13, Vol.1, 1962, p.82.
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DISCUSSION OF PkPER 2

"THE ORIGINS AND FORMS OF DYNAMIC INSTASXLITY IN
CLEAR AIR AT HIGH ALTITUDE"

by R S.Scorer, UK

Errixta

Prge 2.2 - Foi mula (2.2) to read

- (rAZ) 2 Ak 2 sin kx

Pr4e 2.4 - In last Iine of para. 2

"ustirred" to read "stIrred"

Pats 2.5 - Pormula (3.6) to read

Qo

Formwla (3.8) to .ead

i g,8/(770 + 87)2

= / g g- Sz2 by '3.6)
q0 /

Discussion

WT.Amb. Prof.Scorer has ,discussed mechanism3 by which turbulence may be initiated in
a shear lse in the so-called "free" atmosphere.

In the Feterological Office, we have been considering an approach to the problem of
how turbulerce atght be natntained by large scale synoptic de; lopment processes for
periods of in hour or more (L3 it has been observed by aircraft), This work has followed
three steps.

1. Kzpressions for tlsaical processee which change atatic stability wind shear and there-
fore Richardson number 'ollowing the motion.

2. It hbs becn assumed that the gross effect of turbulence (once it has set in) is to
mcintain the Richardson nvaber at somie limiting (and small) wake by conteracting the
dynamical procebses teding to reduce Richardson number.

3. Th"se ideas have beet given a prelimiary test on the Bushy lO-leve] numerical fon cast

model and show some promise as a forecasting tool.

I.S.Scorer. The early idea about the prediction of CATO was to find out what the critical
Richardson number us by theory or observation, and then say that CAT would occur when an
a&rstrem possessed a smaller value. Dr Roach and I are both pursuing the ides that the
precise value of Ri at which dynamical instability sets in is not important because one
is never likely to observe an airstream in which Ri is less than this value which has

CA T Clear Air Turbulence.
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not already become turbulent. Therefore we look for mechanisms which will significantly
red'.'ce Ri and if we see situations in which they will be or are operating we can prob-
ably expect the outbreak of CAT, and we hope that this way of understanding the mechanisms

will be more useful in forecasting.

D.Kuchemu. A flow has been described, which appears to contain a succession of vortex
cones. We have obtained, at the RAE, an asymptotic solution for such cones. For a series

of such cones, one would expect a pattern of streamlines bounding the air that flows into
the cones and out of them, which bears some resemblance to the "cat's eyes" pattern men-
tioned by Prof. Srorer Bu.' we found that the cone flow was essentially time-dependent
and that the cone-sirP will, in general, grow with time, if the flow is to be regarded as

two-dimensional. I would like to ask, therefore, whether any such changes with time have

been observed in the atmosphere.

R.S.Scorer. It is easy to watch the evolution of the vortices occurring in the atmosphere
over a period of a few miautes on occasions when they are made visible by cloud, which in
man-. common circumstances acts as a good tracer, as explained in the paper.

There is not great nrecision in the theory of billows, and it has been assumed always

that the evolution of one vortex is not very different from that of its neighbours,
although of course ihere mev be a considerable time lag in the evolution of the billow 12

or 20 wave1 .,gths distant.

R.Pesaresi. Does your model describe the turbulence generation due to the breaking of
internal wav or can the biVllows" form on the crests of the internal waves?

R.S.Scorer. In the vr-tten version of my paper (which Mr Pesaresi could not possibly have
had time to read yet) I ment1on that my paper does not deal at all with situations in
which the static stability becomes negative. These will be discussed in Paper No. 11 and
I think the question of "breaking" of internal waves by increasing their amplitLje should
be deferred until the dtscussion of that paper. My paper is concerned with the billows
on shear layers generated where a very stable layer is inclined away from the horizontal.
The most common situation for this to happen it in mountain lee waves, but there are other,
especially frontal, situations where it could Just as well occur.



DISCUSSION OF PAPER 3

"MOUNTAIN WAVES IN THE STRATOSPHERE MEASURED BY AN AIRCRAFT
OVER THE WESTERN U.S.A. DURING FEBRUARY 1967"

by A. McPherson, UK

.SSeorer. In the theoretical treatments of mountain waves from Lyra, (1943) onwards it
has never been argued that a stable stratosphere would suppress disturbances due tL moun-
tains, although other people have incorrectly hinted that it would act like a rigid lid

(or that the lid in their treatment would have the same effect as the stratosphere). It

has been recognized for a long time that, to get waves in the troposphere best developed I
it is necessary to have a decrease in the stability upwards in the troposphere so that u,,
wave amplitude has died away to almost nothing at the tiopopause.

In recent work by Berkshire & Warren (Q.J.Roy.Met.&c., in press, Oct. 1969) it is
becomir- evident that a situation it which lee waves are almost fully trapped in the tropo-
sphere is one in which waves would be largert i.I the stratosphere. This happens, evide,tly,
because a periodic - but decreasing downstrram - tr in of waves on the tropopause excites
waves in the stratosphere more than an individuall larger but single hump or trough such

as occurs on the tropopause when there is no * ap, ng of lee waves at all in the stratosphe-e,
7his new series of observations seems to provide kasples of this mechanism. In the oral

presentation it was implied that the situations in w ich the pilot lost control of the

aircraft involved a very vigorous atmospheric "'distu bance". It seems that the loss of
control was due to flying through a discontinuity of temperature and wind which may have
no turbulence (i.e. chaotic motion producing mixing) in it at all.

The 1-g experience resulted from the large speed with which the aircraft traveried t e
discontinuity and the only observations we can make use of are those in which the tircraft ip
flown so that the pilot does not lose control! Dr McPherson made some generalizations at
the enl of his presentation an if he was attempting to describe the climatology of CAT in
mountain waves from the experience on half a dozen, or so, occasions. This is Quite

unjustified, and I think generalizations should only be attempted on the basis of a :heory,

well confirmed by observations, and not on the basis of selected experiences (belected as
to terrain, at least).

A. NePbeson. In describing the incident referred to by Prof. Scorer I took great ck :e to

avoid the use of the word "turbulence". There is little doubt that a disturbance existed
but it may not have been turbulent. In support of the other evidence ! pointed Uut that

at the time whin the speed and temperature changes were occurring there was a periodic
variation in the barometric height representin a change in pressure of about 1 rob. The

changes were such a frequency that they cannot have been varia'ions in aircraft height.

The remarks about piloting are offensi!e and should be withdrawn. I was careful to dis-
claim any attempt to describe c]'natology of turbulence. The generalizations were
intended only to summarize the results of this exercise. It wap hok Ad that the results
would stimulate theoretical work.

U. Pamofmhy. So far. the emphasis has been _Lj the role of waves on clea: air turbulence.
However, CAT sometimes does not occur with waves, but seems to requ.re fine structure in
temperature profile. This suggests a simultaneous fine structure in the wind profile: in
fact. this is indicated in observations lower down. Thus an important factor in the

production of CAT is thd vertical wind shear, These comments are cofirmed in the next
paper.

A. UcPbermoa. No comment.
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DISCUSSION OF PAlER 4

"DEUX REMARQUABLES EXEMPLES DE CISAILLEMENT DANS LA STRATOSPHERE

CONCERNANT LE VENT ET LA TEMPERATURE"

by G. D. Barbd, France

R.S.Scorer. Mr Barbd's soundings seem most likely to be showing standing (i.e. lee) waves

because there is only a slow change in time at a fixed point, and because a horizontal

wavelength typical of such waves is indicated and the vertical velocities seen to be about

the right magnitude. But one cannot settle this matter with soundings from only one point.

The other most probable explanation is that they are unstable growths in a geostrophic air-
stream with large vertical gradient of the wind, as described in my paper on pages 2-6 and 7
These would have a much smaller vertical velocity and a much longer horizontal wavelength.
The horizontal wavelength of course, can only be inferred as a result of an assumption

about the inclination of the surfaces containing the wave crests to the vertical. In the

case of the stratospheric waves computed by Warren and Berkshire these surfaces are very

steeply inclined away from the vertical, whizh is very important in a case like this.

G.D.Barbg. 1. Eb ce qui concerne l'hypoth~se du Dr Scorer que la rdpartition en altitude

du vecteur v6nt entre 10 et 32 km pourrait etre expliqude par 1'existence d'ondes de relief
stationnaires sous le vezt:

(a) il est exact que, en un point donnd, la variation dans le temps eat faible.

(b) la longueur d'ondes horizontale de telles ondes ne pout etre d4terinde par nos
mesures dans le cas particulier des 11 et 12 mars 1968; par contre, d'autres
mesures faites simultandment en 3 points (voir en particulier WIO-No. 227. TP. 121,

Technical Note No.95, 1969, pp. 275 6 277) donnent tr~s sensiblement la mmee rdparti-
tion aux sommete d'un triangle 6quilatdral de 50 km de ct6, do la temprature, de
la direction, de la vitesse du vent avec l'altitude. D'od il semble r~sulter que

la longueur d'onde eat supgrieure 1 50 km.

(c 1'estimation de la vitesse verticalh de l'air d~duite de Ia variation de la vitesse
verticale du ballon ne Leut Otre falte i l'aide de nos mesures par suite de l'erreur
relativement importante concerna~it la mesure de la vitesse verticale du ballon.
( eci r~sulte en particulier dta I& superposition des deux courbes donnant la r~parti-

t.on avec 1' altitude de Ia vitesse verticale du ballon lora d'uu sondage double

(c MIO pr~citd pp.280-282. figures 12 et 13).

2. Je ne suls pas en m sue pour le moment de comenter la deuxibe hypothbse du Dr Scorer.

lH.Panofsky. First, I am happy to see that Mr Barb6's paper confirms the coexistence of
wi:.d shear with temperature gradients, thuE explaining the association between clear-air

turbulence and vertical temperature gradients.

Thle large fluctuations of wind speed found in this paper are quite similar to those
discovered elsewherv, for example by NASA personnel at Cape Kennedy, USA. Further, their
hoi zontal structure has been explored by plane in Russia. Analogous structures wte first
obeured with Meteo, trains in the thermosphere: and on the basis of these observations
Hines I rst suggested that these fluctuations are due to gravity waves.

G.a. Barbe. Je n' ai aucune observation i presenter concernant lea remarques du Prof.
Paijufsky, sinon que celles-ci re~oivent won accord.
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DISCUSSION OF PkPER 5

"TURBULENCE STRUCTURE IN THE ATMOSPHERIC BOUNDARY LAYER OVER
THE OPEN OCEAN"

by C.H.Gibson and R.B.Williams

J.C.R.maut. Could Prof. Gibson please elaborate on the physical implications of his
complicated statistical analyses of the flow?

C.H.libmam. Measured lognorality of (du/dx) 2 implies that Yaglom's'0 cascade hypothesis

may be valid since it predicts lognoruality. The non-Gaussian intermittent behavior of
high Reynolds number turbulence illustrated by the extreme values of Kurtosis measured in
this study for velocity and temperature gradients is also a characteristic of larger scale

atmospheric structure as evidenced by the formation of fronts.

J.Vieringa. Calculations of the drag coefficient CD are made for different heights by
different people which makes comparison awkward. Can you - or anybody else present, like
Prof. Panofsky - agree on some arbitrary but definitive choice of the CD calculation
height?

C.N.Gibma. 10 meters was used because the mean velocity was known at this position, and
also to permit comparison with previous values of C,0  reported in Phillips' recent book
shown in one of the slides.

DeOision Panofsky: 10 a.

R Pea asi. Did you find sy influence of the sea surface waves on the variability of
dv/dt that you have just shouwn

C.N. Gibma. No. Measurements were not made under different surface wave conditions. No
attemt has yet been made to relate the variability of tL! t or d/" to wave phase,
although such Peasuraments were made during BW (Barbados Oceanographic Land meteorological
t$perment - with 0 R.Stegem - discussed in Proceedings of Bk3RL Turhulenee Symposium
Seattle 1969 in J.Pluid Mec. ) and will be reduced eventually.

I N ' --n '
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DISCUSSION OF PAPER 6

"LONGITUDINAL AND LATERAL SPECTRA OF TURBULENCE IN THE
ATUC3PHERIC BOUNDARY LAYER"

by G.H. Fichtl, USA

A. D. Young. (a) In Figure 6 of printed paper there are a number of points well above the
curves with which you chose to fit the data. Were there any good reasons fer ignoring

these points?

(b) Te remaining points could be fitted by a straight line independent of Richardson
number which would be just as good a fit as the theoretical curve used. Why not use such
a straight line?

G.H.Fichtl. (a) I cannot think of a reason for neglecting these points and they were not

negl,,ted in the analysis.

(b) Yes, one could fit the data points with a straight line. However, this would
require a more complicated energy budget. We Lccept the type I energy budget hypothesis

for the MWnin layer because the data in our paper tend to agree with the theoretical cal-

culations and the type I energy budget has been verified by other investigations.

J.C.R.Hunt. Could Ptof. Fichtl answer two questions:

I. On account of the great vari3tion of spectra from place to place is the placing of the
NASA tower 5 km away from the rocket sito not too tar)

2. In both hypotheses I and II Prof. Fichtl assumes dEidt - 0 . wonder whether this is

a good approximatiol t.-c.-.:se of the considerable variation in roughness in the locality of
the tower which produces radiL.nts in turbulence kinetic energy. We have reas.n to beieve
this approximation may not be a very good one because, if the atmospheric boundary layer
is simulated in tl,r laborator-', the dEidt term is of the same order as the mechanical
production term.

G.H.Fichtl. 1 No. The terrain in the viscosity of Saturn V launch pads at Cape Kemneily
is simil&r to that asnoviated with the town site

2. In the laboratory it is difficult to .->brain conditions in which dKdt 7 0 , while in
the atmosphere it is possible to realize this conditio-. In order to show that d&idt - 0
:.t our Mlte we must Construct additional towers, so that dE:dt :: 0 is merly a hypothesis.
However, microme.eorology data from other sites which are similar to the Cape Kennedy
site appear to how that dE.;dt -0 is a reasonable hypothesis. We plan to test this

hypothesis in 1970.
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"TURP'Ji±N i. STR Ic'r:. IN FLOW~ REGIME~S O[ VANISHING MVA. 4 , SHFiV'

by H.Lettau, USA

R. S. Stirer. Does the relation w' = x'z have a physical justification or is it based
on a desire for some sort of algbraic symmetry?

HLettau. 'te physical jrutification is the vorticity-transfer concept outlinea and
discussed in 1964 paper in "Journal of Meteorology".

DISCUSSION OF PAPER 8

"DETERMINATION OF VERTICAL TRANSPORTS OF MOMENTUM AND HEAT AND
RELATED SPECTRA OF ATMOSPHERIC TURBULENCE IN THE MARITIME

BOUNDARY LAYER"

by M.Dunckel, Germany

C.Scruton. The question was: what were the sea conditions, e.g. wave heights etc. at tne
time of the tests, and did the sea condition influence the value of the surface drag
coefficient.

D.Schriever (co-author). Wave heights during the different runs varied from about 0.1.m to

about 1, 5m, and in this range we could detect no influence on the drag coefficient,
although waves were mostly those expected from wind speed (no remarkable swell involved).
Possible influences of wave generation could not bc studicd il now, since meteorological
conditions varied rapidly during the measurements on the oultic and the North Sea. We

hope to get the necessary comparisons with steady state waves from measurements taken on
the Atlanic during ATEX expedition in 1969.

F.H.Schmidt. In Equation (5) a relation is given between H and u 0A 6. There will
t.I fl J~ - 1~ ~ k~ r~.a~I! 1\1 H till : - . . 1 1 tlo I

influence of the latte" relation on Equatiun (5)?

D.Schriever. We think that the dependence of u on AO is inherent in the relation

by A ) and wind shear (represented by u . ) seems to give the linear relationship as
demonstrated in Figure 5.
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"MEN t*ND-PROF1LE A.. 'It';LENCE-CONSIDEflATIONS OF A SIOPLE MOWFL"

by R.Roth, Germany

Errata

Page 9.3 Equation (17) should be read as:

U 
2  

- LM a X

z max

K(z)

Discussion

H.Lettau. The defining eqtution for the "minimum wave number" could involve a numerical
conrtant which you appeal, to assume in Equation (11) to be equal to unity. Would you
please comment on this value?

R.Roth. 1. This assumption Xmin :1/z was made i it is the simplest one. 2. This goes
well with +he observed maximum in w-spectra in the atmospheric boundary layer. 3. More
in general it works out that the assumption of a limiting wave number xMi n  leads to P

mixing-length I given by (/3.2 - xmi n  if C = 1A/3 is usd.

L.NPersen. 1. I just want to clarify one point to make sure that I have understood you
right. Is it so that you justify the u. of Kolmogoroff's power law which to my knowledge

is only valid in an isotropic homogeneous turbulence in the presented case of shear flow
because you ilaintain that no matter what you start out with you arrive (through your
iteration scheme) at a logarithmic law?

2. In that case the concluslon seems inevitable that you have found the solution to the
shear flow.

3. I would V.en like to make a final comment. As far as I can see the proposed procedure
rules out the influetce of density stratification as well as the temperature variation with
height. All you are then ieft with is an ordinary boundary layer in an incompressible
fluid. Why don't you then examine the existing theories for such cases, for instance by
using Dr Spalding's formulation of the law of the wall? I would like to know if the author

4. I am willing to accept that l.e of thinking.

R. RAt.h 1 Vy

2. Yes, at leas+ T hope to contribute something to this solutinn.

3. No, I am not familiar with that proct.dure but I wanted to rtart with the simplest case
and go step by step to th more complex problems. As It was iaid in the oral presentation
it was possible to apply this model to the flow ar a smooth w1l and its transition to
rough conditions Both wind profiles and drag coefficients are in gad agreement with

measurements.
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by d. Eggur, !',"' ay

B.W.Marschner. Is the disturbance perturbation a uniform superpositicn of constant magni-
tude and rhase from 700 mb to 200 mb. If so, is this mathematical simplification physically
sensiblv?

J.Egger, The initial disturbance has been chusen uniform in all p- urfazc- for most
cases. This gives no mathematical simplification but it simplifies the explanation of the

developments.

L.N.P_'rsen. 1 think that the comment of the Chairman is a very important one because the
influence of the initial choice of the disturbance may seriously affect the result. I
would therefore like to ask the author if he has verified that his results maintain their

characteristics in the cases of other forms of initial disturbances.

J.Egger. In some experiments I started with disturbances, which had a tilting of axis
towards the east o: the north. But the character of development did not change. Only

the amount of increase or decrease changed.

DISCUSSION OF PAPER 11

"MODELE AFRO(HYDRO)OYNAMIQUE POUR I.T CALCUL DU REGIME
DES ONDES DE RELIEF"

by R.Zeytounian, France

R.S.Scorer. This is an excellent paper carrying us one stage further in the understanding

of 'he mechanics of inviscid stratified flows. All the results art necessarily in terms
of particular cases and the choice of cazes is important. Long's treatment was specially

Nigl.iutL btue'..U he ,Liuwud ho110s- ,S .fti1lI iu miu f vei u [lOW l....d u O withi v WI u U ii-

tion in a stratified stream. I do not regard the limitations on the way he was able to
determine the boundary shape as very important because there is no special merit in any

particular mountain profile; and even if we wish to model an actual mountain it is never
two dimensional and we cannot model (either in a calculation or in a iaboratory experiment)

the on-coming air stream very accurately anyway, and no stream profile has any special

What we need to know is whether we ha,.' missed any important mechanism by being res-
tricted to the solution of c ;es that are linear. T think the present studies show that
we have not and it is satisfying to know this. It would be helpful if the author could
explain why his calculations for Long's final mountain profile (Fig.2) is not the same as

Long's. It is quali.atively the same; but are the small differences due to a different
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Rl. "oy t c.n ian. Effectivero Ien 'is djfire-is danm 0a confiwuration des ligne, de courant

en oval de 'obstacle ur 0s Figi -e 2 par -a~.purt i. cel~irs obtenues par R. Long rint dues
aux conditionr en arnent wr'i aunsi dxns une plus grande part, au fait quo, So Lonrs du
calcul numerique effectud nous avons Ymn! la variationi verticale au nioyen d' un rnodble
avec cleux riveaux intermnddiaires (dons les m6thiodes des relations int~grailes).

Des caiculs plus pr~cis faits entilresaent par PEKLIt en~ !RSS an inoyon d'ua 0hode
analogue ont mon)tri que les r~sultats ub)teinus numb~iquemrent etaient entiftement coniparabio
avcc les rE ,ultats analyi.- de Loig. En ne qu concerne les effets non lin&.ires. uls
5eront tris importancs surtout dai- les nrohi \nes reellemooit tridimensionnels quand les
cffets de r oorr'efd 1' obstacle sont quelquefois PILS iniprtants quo los effets
d 'tcoo lemen t nu-0'essn o.de I obxmc. U

Cerlains rdsultats nurniriques, obternss derni~rement en UPRS6, cnfirn~nt cot dtat do
choor's,

DISCUSSION OF PAPER 12

''PROBLEM1S OF A'ImOSPHERIC SHEA~R FLOWS AND THFIKt LABORATORY SIMULATION''

by J.ECermak, USA

Errata

Page 12-1, 1.59 Ho should road HQ

Page :.; "ui on~ .~d (L'1>

Page 12-15, Figure 8. In caption z/L should road Ri

Discussio.,

JLR.Rllunt. Could Prof. Cermak answer two points concerning Section 3-3 of his printed
paper?

1. Although we cannot simulate all the sL..tistjcal properties, do you think it is only
important to simulate the extreme valuies of fliet~iafing veor'ity for wind-loo~ding, prbl
rather than diffusion and wake simulation problems (i.e. the higher moments)?

2. With regard to the comments on the effect of vorticity grnerators, grids, etc. , it may
be possible to simulate the spectra and r.m.s. values of t'rbulence at a section (which
may be sufficient for wind-loading problems). However, in simulating diffusion and the
development of wakes it is clearly important to have the right gradients in the stream
direction of the flow. Do you have any idea about criteria as to how great or how little
differences in such gradients betwoen atmospheric and wind tunnel flow are tolerable fur
accurate simulation of diffusion and wake flow?



.. Cermak ';ood sirnuiat nf ,, .nd loauing on s-ructure requires simulation )f the
turbl,:nc9 specetra as wl as the disttibut. : of xtreme values. Local pressure fluctua-
tion on a situcture are controlled by wave lengths of turbulenc- having the same order of
. agnitude an l smtulier than the buil,Aing width: however, small overt.urning moment and
force fluctuation are controlled primarily by scale of turbulence larger than the building
dimension (parti,.ula, ly the extreme value of small wave number disturlb,,nce)

2. Insufficient data are available on the effects of turbulence-ch~racter4 stics gradients
in the mean flow direction on diffusion to be able to give criteria you seek at this time.
Any forthcoming criteria will requiie specification of the degree of accui'acy Cnectel
from the simulation effort.

DISCUSSION OF PAPER

"METHODS AND C.IJSEQUENCES OF ATMOSPHERIC BOUNDARY LAYER SIMULATION"

by D.J.Cockr411, UK

Errata

13. 2 section Intrw4,ctir-, line -9 he * oru 'minimum- li brackets at the end of
the line should read I'maxLm.u~".

Discussion

R.H.Korkegi. The frew mixing devices - rods an, vortex generators - produce a turbulent
shear layer by their wakes. I wonder to what extent the local flow pprturbations due to
these devices are damped out at the measuring station In such an artlfiially produced
turbulent shear layer'

D.J.Cockrell. So far as tne gradet-iuti vrju,, ii1 ,.1c -cnrr
1 t...re i-.

good evidence (in iur Reference 21 amorgst other places) that the local flow perturbations
are damped out rapidly by the coalescence of the wake-type flows and jet-type flows behind

the rods. This is unlikely to be the case with other velocity profile generating !evices.

T.V.Lawsou. Few buildings or structures project from a smoothly uniformly rough surface.
The environment in which they find themselves is an amalgam of their near environment,

their general environment and the local topography. We have heard mainly ot attempts to
produce a generai environment, In particular .agenral en,,irnmnt whith _ ,os tint decav.
My question is: does tho sp ,lker know of any work which describes the relative importance
of near environment and topograpn; (both of which require detailed mapping) with general
environment upon which we have concontrated. Providing there are no topogr.phical features,
how crude can the production of velocity and turbulence profiles be? If topographical
features have to be mapped, how crude can general local environment be?

K
a

I:.
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9. '.c. -11. So far as the effect of near environment and topography is concerned ! have
nfothing to add to the list of references given by Prof. Ce'mak. Theic is sufficient
exo.,rimental evidenie to indicate that a mean velocity )rof,,. must he pruLueu in model
tests though it m'iy not need to be much more sonpisticated than a linear prc-ile. However,

by usiig the methods whic wu have indicated it s as easy to produce a lwer-law profile
with knowi exponent pariets. nr a iog-linear p. nr lz, i to Jpvu,4. a linear mean
velocity profile. As w'e have indicated, the Reynolds stress gradient affects the degree

of equilibrium of the mean velocity profile. Whether this is significant cr not depends
:n working section length and the degree of non-uniformity over the working section that

can be afforded in Lhe mean velcity profile.

The other way it affects the problem aerodynamically is in the degree to 1ch the flow
pattern associated with a body vlaced in the tunnel is changed by turbulence.

Armitt (our Reference 9) makes a contribution here, as does some initial work on the

flow over a forward-facing step by Moorman*. In Paper 14 Counihan suggests tiiat not only

is the mean square tu-bulence significant, but also that its energy should be contained In

large-scale eddies. To this degree therefore he appears to be arguing for spectral density

similarity. As yet there would appear to be insufficient experimental evidence to say how

significant this similarity really is, but my colleagues ar.d 1 think that good reproduction

of the mean square turbulence (at least) is important in studies of flow wind grips of
buildings where the point of reattachment of separated regions may well b( 'itical.

* Moorman, J. - Flow over a Forward-Facing Step. University of Leicester Engineering Dept. Internal
Report 1969.

DISCUSSION OF P47L 14

"A METHOD OF SIMULATING A NEUTRAL ATMOSPHERIC BOUNDARY LAYER
IN A WIND TUNN EL"

by J.Counihan, UK

L.N.Persen. I think tkat yc'" have made an excellent job in providing a flow situation in
your tunnel that co,'responds ,o the atmospheric conditions. However, I would like to know,
when talking of the forces exeri~d on structures like slend,, masti or towers. if t( f.be

interaction between the 'low zzd tat s;,iu,wu ib jaL w importat. as the reproduction of

the real flow.

J.Counihan. Prof. Persen also had a second ouestion whinh T rpnltprt fto concerning
the st4tement I made that "recent work had not completely verified Tomsend's proposed

models of the vortex systems in boundary layers". This statewent was based on the work of
Tritton and a paper by Kline et al. Both papers havt been published in the J.F.M. However,

the point I wish to draw attention to was that if one approaches the problem of simula-

ting a boundary lover by trying to devise a system to produce complex vortex systems, then
this does not seem to be a very good approach; especially also since, as far e- A am aware,

Lhe vortex systems of boundary layers have not been defined very definitely. This was why
I chose the approach of first tryi ng to reproduce the correct form of turbulence
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distribution through the height of the boundary layer. The second part o' the question
can be commented on by Dr Hunt of C.E.R.I.. who can probably give -ou mo details con-

cerni1 g Lhis poi..

J.C.R.Hunt. Perhaps I can answer Prof. Persen's comment since I am working with Mr
Counihan. At the Central Electricity Research Laboratories we are considering the entire
problem from the simulation of atrn'fsph(ric turbulence to the Pnoropria scaling of the

elastic properties and density of tht structures placed in the boundary layer. For example
we have bpen studying the pressures on and the stresses in a model of a cooling tower made

of 'DEVLON' - an epoxy resin containing small steel balls. 7 is material has the right
density and elastic properties for a proper model. We have found that the effects of move-
ment of this body on the flow is very small, however other bodies exist in which this is
not so. The forces on such bodies will be discussed tomorrow by Mr C. Scruton.

J. Counihan. I agree with Dr Hunt's comments. Our work at C.E.R.L. at the moment is mainly
concerne6 with the measurement of cooling tower wind loadings in a turbulent boundary
yer- whereas Mr Scruton of N.P.L . will consider different types of structures tomorrow.

nTE ,!; A AV PAPER 15

"LABORATORY INVESTIGATIONS OF ATMOSPHERIC SHEAR FLOWS
USING AN OPEN WATER CHANNEL"

by J.W.Clark, USA

So. .Bogdonoff. In your photograph No.4, you showed dye streams and hydrogen bubbles. It

your observations, did you see any three-dimensional flows (did you examine dye lines off
center)?

Can you explain the relRtively smooth hydrogen bubble La . n t , . lion which the
dye trace showed to be turbulent?

J.V.Cla-k. The waves and vortices were two-dimensional, that is, they extended completely
across thc channe! from wal-to-wall. The turbulence appeared three-dimensional.

One must distinguish between (1) the dye streamer, which originated far upstream and
hence shows the integiated effect of the flow. and (2) the bubbles, which originated where

the photograph was taken and hence show the approximately instantaneous flow properties.
The bubbles should not he expected to show much flow dlstortiu in te photograph because
the velocity and turbul'nt fluctuations are so small .... less than O.O5 ,t/sec tor thib
case.

R.S.Scorer. 1. The billows in the photograph shown at the end of the talk appeared to be
rotating in the wrong direction."lo"M ,=o
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2. You referred to gravity waves produced other than by mountains. These may occur but
they are-generally much smaller, but it was remarked to me yesterday after I had empha-
sized the importance of mountain waves that the sliding up slopes could occur over rather
long time intervals at fronts, and that near fronts over the occan we could expect to find
billows (i.e. CAT if there are no clouds) there.

3. It has become customary to ,se density profiles to the velncity profiles which are
matched. In your experiments, and I think in Drazin's theory, there is a concentration of
velocity gradient but a uniform density gradient t.h-,u hout the channel. It is probable
that in the atmosphere the vorticity is concentrated because the density is concen(rated.

Ought one to use someone e'se's theor', in applying it to the atmosphere?

4. It is !.teresting that pictures of fine billows have ben in the literaturc for several
decades; thq explanation of them in terms of instability t a shear layer produced by
tilting a layer of large static stability has been known to meteorologists for about ten
years: yet the current interest in the subjet cdlearly originated in Wood's observations
under the surface of the Mediterranean. It seems that people did not like to be told by
the cloud ph...graphers that they could have seen it for themselves if tL'ey had kept their
eyes open.

J.W.Clark. 1. Correct - I cannot tell whether the slide is mounted backwards or whethe-
I pulled the wrcng slide out of the bag.

2. Quite correct - I expect that in due time we will find the phenomenon occurring ever
fronts, thunderstorms, etc. I have analyzed some of the USAF Project HICAT data, and this
appears to be the case indeed.

3. Offhand, I know of no such theory. Someone should look into this. I would not expect
the unstable wavelengths to be muchi different though.

4. Yes, it was suggested some time ago by Scorer, Ludlam and others that such a phenomenon
exists Credit should also be given to McPherson and Nicholls (Paper No.3) for their fine

measurements on the Canberra flights. I believe this is the first time adequate atmospheric
data are available for calculating stability and expected wavelengths. Much more analysis
can be done on their data. The HICAT reports also will prove fruitful in this respect,
although I have found a definite lack of RAOB data of sufficient detail to describe the
fine structure of the velocity and temperature profiles for these cases.

DISCUSSION OF PAPER 16

"WAKE CHARACTERISTICS OF A BLUFF BODY IN A SHEAR FLOW"

by D.J.waull, 0K

A.D. Young. (a) Presumably there are differences in pressure with height immediately behind
the gauze Are these small enourh to be ignored at least in the working section?

(b) There appears to be an interesting parallel between your results and those of Dr Gaster
on a tapered cylinder in a uniform stream. How close is that parallel?
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D. J. Vaul 1. (a) The v,,' >city profi le remainoci constant down 1,;e tunnel after about a ,:1s-
tance of one half _inel height oast the gauze. There was no mneasurable pressure gradient
across the tunnel,

(b) Dr Gaster'.z results Pre ve-y similar to mine obtaining the same type of vortex pattern.

J.C.R. Hunt. 1, Has Dr Maull measured cross-,!orrelations with time lag to give his inter-
prelation of the vortex mechanism on a more quantitative basis'

2. What are Dr Maull's views on uniforn. shear flows past finite length cylinders and
cylinders which are allowed to oscillatc?

D.J.Maul1. 1. No

2 The finite length cylinder will be even more complicated and it is plried that we will
investigate this. If the cylinder oscillates it is urobable that if the oscillation fre-
quency is near the vortex shedding frequency then the vortices may well correlate over a
portion of the span.

S.M.Bogdonofr. I believe that the model spanned the ;treaql from the wall to the free
surface. Since the end effects will be important cnd different at each end, might you
comment on these end effects and whether you believe your results are applicablc to a two-
dimensional body?

D.J.Maull. The model certainly spanned the wind tunnel and end effects may well be

imvrtant and as has been shown by Gaster.

H. Quad[Iiog. Did you vary the Reynolds Number and did thin show forms of branching of the
smoke lines.

D.J.Maull. No. L.e. Re number has not been changed.

DISCUSSION OF PAPER 17

"ETUDE D'UNE SUUFFLEKIE PUUK tVL UKt:fl E SK Li .t. ,
D' ENERGIE ATMOSPHERE-:OCEANS"

by M.Coantic, Prance

R.Leae.dre. Quel est le r6le des embruns dane le mecanisme des Ochanges de chaleur et de
masse et quclles conditioas dt similitude faut-il respecter notament (-. cc qui concerns

la capillarit6 pour Otudier ce rle ')

XCoantic. Les esbrunq Jouent certainement on r6le tr s importarts dens les transferts
lorsque la vitesse du vent esa grande. Nos essais pr0liuinalres ont moni "' leur apparition
A partir de 12m/s environ. II semble possible d'Atudier leurs effets pa. ,lcs m~thodes

I



roises au point au sujet ds 6, ;o iemonts .ur-w-nts erpr.a81qde' tn corrcet r - ! s

-face pruprrnt d i s essa..s .r.v.s sercrt rf:"-i i s le dcmail ,
uodu-s de gravit.

DISCUSSION OF PAPERI 18

"ON THE USE OF DIFFUSION DETECTOR GASES IN THE STUDY OF
ATMOSPHERIC SHEAR LAYLRS WITH ADVERSE PRESSURE GRADIENTS"

by J. de KrasinsKi, Canada

Errata

Equation 4-11 on Page 18-3, instead of:

shoulu .. z! (et

Discus ion

P. 4. Lit-by. The atthor has identified the boundary layer at point "0" with the Blasiu-
solution, It is true that u - v -- 0 at "0" and that u 7 0 .%1 along the line through 0
but v t upstrem of 0 so that tae Blasius profile cannrt reilly apply thon.

J. de Krainaki. One cannt speak in this context of exact similarity but rather a quasi-
t'imilarity. At outer boundary layer the concentration profile bAS the usual requtrovents.

DISCUSSION OF PAPER 19

"A RF 'IEV OF THE %ERTICAL. TRANSFER O 14OF0NTUM THLJUGH ThE BOUNDARY LAYEi"

by r.. it.h, Ux

R.SScorer, Dr Smith bases much of his argument on his extenstion of the equat'on
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. for which 'ae says the justification is that it leadts to the observed logarithmic pro-
ile. But there is nothing unique about thir because the samea can be saic about the
,elation

L kz (2)

Swhich Prandtl justified on the grounds that the mixing length could be expected to be
)ruportional to the length characteristic of a point, namely distance fiom the boundary.
rhe physical argument for (1) seems to have been concocted to Justify it as a "local version"
)f (2)1 i.e. one which depends only on local conditioais and I wonder if Dr Fr1th would give
iis justifikation for it; noting that if 1U-c(?2U!?Z2 Y'1 entters the argumefnt what about

and so on (this is not a suggestion)? in any case all these relationships must depend on
a similarWt- of the features at all heights, in which case, if the result to be obtained
by a generalization of (1) or (2) does not possess the same kind of similarity, the transfer
properties must be strictly local, and a physical &-gument must be given for this too.

F.B.Smith. Although Prof. Scorer's Equations (1) and (2) are mathematically equivalent in
the %surface layer, it is possible '- think of them expressing two distinct physical rela-
t~ors, Prandil. has eiplained (2) in stying that the nearby presence of the ground-boundary
imprprsse* itesslf stron~gly on the size of the eddies and leads one to expect I OC z.
EquAition (i0 expresse3, *o me at lPEast, the notion that the turbulent length-scale ImpresseE
itself on the curvature of the vinai-proflle, until an equilibrium is established between
them. Thus, for Hxampnpi; where .he eddies are predominantly small, the dynamical linking
between different layers --f the air- 19 week ir.J strong curvatures are permissible.

The introduction of higheir de~ivatives, such as in Scorer's Equation (3), cannot of
course be entirely ruled out, and this emphasizes the quesgtl.ons of tuiiqueness that must
arise irt this sort of modelling. One may only prefer (1) to (3) on the groonds ti'at (3)
is more likely to involve deriva~dves o' (1) as well as (1) itself.

H. Let tau. Possibly, part of the difficulties encountered by Or Smith m&sy be caused by his
assumption that I can be ex.presse- by Kirmin constant (k) and wind shear and curvature.
I have found (sue Equation (38) of my paper No.7) that an expr'pssion similar to Dr Smiith's
is valid orly as a limiting case in the approach to the boundary,

Z-0o

while in the surface layer only u* 1Z

If the expression it. used with k const., thijughout the Ekman layer then I is over-
estimated and convergence to geostrophic wind becomes coo slow.

F.R.,Smith. The physical dimensional argdn~ents surggest that I , or the diffusivity k may

be expressed in terms of the curvatutu cA the wind profile, i.e. 1 =A Igsdshear)I

w! re A Is constunt of praportlonaliiy, assumed independeift of height z . Only when we
eQut'~te this ejcpression with von Kirmd.n's relationship in the limit as z -0 do tie find
thel. A n k . "4is von KArmdn' s constant does not enter into the expression a priori, but

only as a result of the known behaviour- near z o
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I
in 'his sense I do not think my approach is inconsistent with Prof. Lettau's commert.

However, it is true that before any modification to the finite difference form of Equation
(13) is made, the values of 1 are too i:ge but after the constant modification, the
magnitudes of I seem much more -easonable and attain a nearly constant i.lue at large z

DISCUSSION OF PAPER 20

"THE ORIENTATION OF VORTICES DUE TO INSTABILITY OF
THE EKAN - BOUNDARY LAYER"

by F. Wippermann, Germany

R.S.Scorer. Prof. Wippermann's theory is evidently applicable to his laboratory experiments

but I question the application of geophysical phenomeia. In the case of dunes we have a
time scale far exceeding the day, and mechanisms tending to build up dunes in arbitrary
winds would seem more likely to operate. Possibly iL is anabatic winds, which are probably
Quite strong on some days with dunes of the size mentioned. Also similar arrangements of

sand occur on beaches and these are certainly not produced by Coriolis forces.

Cloud streets have a time scale of an hour or less and it is not credible that their

form is due to Coriolis forces. For example in Figure 1 of Prof. Wippermann's paper the
streets are forming in a wind along the streets from the sea after the air has been over
the land for only a few minutes. They do not form at night and are clearly a buoyancy

dominated phenomenon. The theory is questionable because it contains a uniform constant
viscosity which is not applicable to the atmosphere. The circulation time for a particle
is also of the order of an hour or less.

Over the seE in bursts of polar air particularly, there is a strong thermal wind and

this dominates the wind profile right down to the sea and we do not have an Ekman profile;
indeed sometimes the flow near the surface is outwards across the isobars towards high
pressure, and in such cold air masses the Luoyancy term in g is almost certainly dominant
over the Corlolis term in f in the basic equations (e.g. (1-c)).

If th3 motions were Coriolis rather than buoyancy dominated the cloud would not appear as
lines but es layer: that means that cloud would exist above the downcurrents Just as much
as above the upeurrents. Any mechanism breaking up such a layer must necessarily be buoyancy
dominated and it ts not really practical to say that the motion below is Corio±Ls dominated
because the occurrence of the streets is very dependent upon the time of dav over land.

Prof. Wippermann has a beautiful theory but I am quite unconvinced that it is as universal
as he suggests.

F.lippermann, As shown in Equation (4-a) of the pre-print version both effects, the
coriolis forces and the buoyancy, act in destabilising the basic flow (the beginning of
Section VII is not expressed correctly and may lead to a misunderstanding). I agree with
Prof. Scorer'fs opinion that in many cases the buoyancy dominates.

I do not see how the anabatic winds suggested by Prof. Scorer could cause such an
Impressive regularity of self dines es shown for example in Figure 2. The anabatic winds



A- xx

would probably produce a very irregular field of dunes corresponding to clold petlern
caused by convection of the type of Benard cells.

However. as I stressed in the oral presentation, I think that such anabatic winds on
seif dunes in the very first stage will determine the orientation, the wavelength and the

phaise angle of disturboccs. This allows the destabilised Ekman flow to change its direc-
tion from case to case. In this respect the buoyancy plays an important role in the

formation of seif dunes too.

I admit that for the formation of cloud streets in most cases buoyancy may dominate the

cGriolis forces. However for cloud streets observed over the ocean in the subtropics this
seems to be not true. To Prof. Scorer's last pc t: when vortex rolls have been built up
due to Ekman layer instability (without buoyancy), the helical motion in these rolls will

cause cloud streets as shown in schematic Figure 3 assuming enough moisture is available.

It is difficult for me to see how in this case a cloud layer could be formed.

H.Lettan. I would like to comment on the dune problem. Desert sand is a particular medium.
It is capable of moving, and the wind can pile it up but only when a threshold value of

friction velocity is exceeded (about 25cm/sec, according to cur experience in the Peruvian

desert). Furthermore, after an initial pile-up has occurred, there will be a feedback on

the wind structure. No corresponding factors apply to E.man instability. For Barchan

dunes the separation of flow at the crest-line and the resulting vortex, according to our
experience, is highly significant.

F. Wippermann. The feedback mentioned by Prof. Lettau is certainly important for moving
dunes of smaller size, for instance such as Barchan dunes. I agree that for these the

vortex rolls due to Ekman layer instability are not relevant. However, for seif-dunes,
which extend sometimes for 100 - 200 km, the vortex rolls due to Ekman layer instability

provide the surface winds as needed for the formation of the dunes. It is of course true

that a critical velocity must be exceeded which allows for saltation.

A.D.Voung, Could we please have some idea of the magnitudes of the quantities involved in

these vortex streets, for example what is the range of height in which they are found and
what are the magnitudes of the lateral vortices to be expected in them?

F.Uippermann. I'm not able at the present to give you exact figures. In referring to the
numerical study by Faller and Kaylor (1965) the helictl motion decreases to zero at a level
of abo t 2 to 3 times the height of the Ekman layer, i.e. roughly at about 2 to 3 km. The
vertical velocity as well as the lateral velocity is in the order of few meters per sec.

F.H.Schmidt. I cannot judge Prof. Wipper-,ann's theory at this moment. I would like to

make a remark, however, with respect to Prof. Scorer's opinion that upslope motions along

dunes are responsible for the origin of these dunes. These upslope winds occur only

during daytime. During night-time downward motions are present.

R.S.Scorer. I think that anabatic winds would be much stronger and more turbulent, and

therefore much more likely to transport sand, than katabatic winds. But I was only specu-

lating off the cuff about dunes and remarking that there are many other possible, and
probably more potent, mechanisms thn the mechanism described by Prof. Wippermann. Prof,

Lettau knows much more about dunes.

In answer to Prof. Young's question it can readily be said that cloud streets typically
have a cloud base and top of 3000 ft and 4000-5000 ft above the ground, with the streets a
mile or two apart.
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The updrafts wider the streets are quite adequate for gliders to soar easily and are
typically 2-5 metres per sec, while the downdraftt are zAe: lad ibler and of the order
of '-2 metres per see. The transve: e component would be about the same magnitude.

DISCUSSION OF PAPER 21

"DIFFUSION IN THE ATMOSPHERIC SURFACE LAfER: COMPARISON OF
SIRP'T ARITY THEORY WITH OBSERVATIONS"

ty W. Klug, Germany

A.D. Young. I am not clear what has happened in the ana.ysis to the diffusion coefficient
of the source. Is it implicitly included in the empirical functions that you have used?

W.Klug. The diffusion coefficient of the source material is not taken into account,

because it is assumed that the diffusing material follows the air movements.

T.V.Lawson. Could I ask a very naive question? The surface layer is considered to be

50 m thick. To what height of puff does the analysis presented apply?

As a supplementary question could 1 ask: If the source is elevated, for what distance

from the source does the analysis apply?

W. King. The model applies only to surface or near surface sources. Here it is estimated
to be valid up to distances from the source in the order of 1 km. For the case of an
elevated source I cannot give you an estimation.

J.E.Cermak. In the atmospheric surface layer ?w/u. ccrrelates well with z/L ; however,

*v/u, and Bu/u, from both field and laboratory measurements do not correlate well with
z/L . Do you have a physical explanation for this?

W.Klug. A possible explanation of the facts mentioned is that the longitudinal and lateral
components of turbulence are also ii. luenced by mesoscale parameters, such as terrain
effects.

F.B. Saith. The concentration for a continuous source is obtained in Equation (11) by

integrating the concentration for a puff (Equation (10)) with respect to time. This
ignores the motion of the puff in time due to the action of the larger eddies. For a

ground-based source the vertical motions of the puff may be small and therefore Justifiably
neglected but the lateral motions will not be small and allowance should be made. The
same will be true of the vertical motions for an elevated source.
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W.Klug. As was explained in the last section of the paper it was assumed in setting up
Equation (2) that if any parameters (qijch as describing the action of larger eddies) may
be left out in this relationship then these parameters depend uniquely on the variables

listed. However, the conclusion reached is that the lateral motion does not depend on the
mentioned variables and allowance for this was made thrcgh the use of the empirical

relationship g(oviu,)

DI5AUSSION OF PAPER 22

"SOME MEASUREMENTR OR INSTABILITIES ANE TURBULENCE IN

EMAN BOUNDARY LAYERS"

by D.R.Caldweli, USA

N.1symov. I wonder if Prof. Caldwell would like to comment on the application of his
experimental results and the general phenomenon of Ekman boundary layer instability to the
lower layer of the atmosphere. Could this be a source of energy for atmospheric turbulence
at low rave numbers?

R.S.Scorer. Buoyancy and mechanically produced eddies are far too dominant in the lowest

1000 ft for 'oriolis dominated oscillations or instabilities to be observable. Even
mountain lee waves with wavelengths of a few miles show no observable Coriolis effect, and
one has to come to wavelengths of the order of 100 miles before Coriolis forces are

important. It is quite a different matter in the ocean where inertial osciilations of a

period of a pendulum day are sometimes the dominant feature of the motion.

N. Isymov. Could Prof. Scorer suggest a mechanism or source for low frequency scale varia-
tions of atmospheric turbulence other than mechanical or thermal? Large variations in the
scale of longitudinal turbulence have been observed which cannot entirely be explained by
variations in mechanical surface roughness and it has been suggested that Ekman boundary
layer instability may be a possible explanation.

H.Lettau. You mentioned conclusions based on the assumption of a "constant-sLress boundary
layer". I am wondering about the necessity of making this assumption, since tLe vertical
ihsr'ue of the vector of shearing stress could be obtained by a height-integration of the
geostrophic departure, if the equation of motion Is considered, and measured distributions

of the two velocity ,omponents are available.

C. van Atta. As Prof. Lettau has indicated we could estimate the stress distribution
using the geostrophic eparture integral method. We have not yet done this. Direct
measurements of the components of the Reynolds stress would be even more desirable.

fr
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DISC:SSION OF PAPER 23

"A REVIEW OF INDUSTRIAL PROBLEMS RELATED TO ATMOSPHERIC SHEAR FLOWS"

by (.Scruton, UK

R.S. Scorer. Mr Scruton ends by saying that 'the meteorologist must provide more informa-

tion. .." This is clear because -11 hiz formulae contain V , the wind speed. and he has
told us nothing about it. But I feel ound to remark that the wind varies more fij' day

to day than any of the other factorg in his formulae. The meteorologist spends his time
forecasting for tomorrow, but not for a week ahead, and collecting climatological informa-

tion about the extremely variable events of the past, and the questions posed to him must
be posed in this context. lo emphasize that the actual weather is a sequence of events
that vary enormously may I briefly mention the "Sheffield incident" when a great many

roofs were blown off in one restricted section of the city one night. Evidently what
happened was th the natural wo-elength of stapding waves in the airstream happened o be

matched to the spacing of three hill ranges upwind of the city in such a way that the lee
waves were of oxeiJpLiufally large ampiitude, and beneath the first wave trough there was
a very strong and ,robabli ielatively smooth wind for an hour or two. The Professor of
Geography woke to finn the roof tiles arranged neatly on edge embedded in the grass lawn
by the house! This incident was the kind of event which occurs once in a few decades,

perhaps, but it cannot be ignored.

In Sutton's liffusie:, formula there are three coefficients whose values cannot be known
with any precision because they vary so much from day to day, and from place to place.

The apparent usefulness of the formula is destroyed by the fact that it does not really
apply when there are major disturbances present such as those due to buildings, trees, and
topographical features. But more important is the fact that it is not even valid for small
wind speeds which are the cause of the majority of situations in which pollution reaches

serious concentrations. (I would refer anyone wbo is not convinced of this to the pictures

in my book "Air Pollution"). Consequently the problem of high pollution levels has to be

approached1 in a different way.

In turbulent airstreams the size of the largest eddies in relation to building size can

be of major importance in determining the pollution levels achieved in wakes where there
is some recirculation. The levels are highest where recirculation continues for a long

time before eddies are shed, if the source is within the wake or at an appropriate position
on the building. Probably the typical eddy size in the kind of turbulent alrstream usually
studied is not large enough for this purpose, though it may be adequate for wind load
purposes and it might be a good idea to have a few people walking about in the wind tunnel
upstream of the moeel when air pullution studies are made (See "Air Pollution" page 118.

para 9).

Wind tuniaels are quite inadequate for studies ef the effects of topographical features

because of the great nocturnal stratification of the air and these phenomena are best
studied on the site of interest - and why not'

I think we need much more liaison between engineers and meteorologists with special or
local knowledge, if these problems are to be satisfactorily handled.

C.Scrmton. It appears thst Prof. Scorer did not tind the paper sufficiently speci'tc in
its definitions of the wind speed. or structural design pur,,nses the paper defineL the
design wind speeds as "the maximum wind speeds averaged over a specified period of time
which are considered likely to occur at the site". T.is implies that observations of wind

speed over a sufficient number of years are required to enable statistical estimates of
the probability that wind speeds of certain strength (averaged over specified durations)

will be equally or exceeded in a specific period of jsars. 7n this respect the meteo-
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rologist is asked to forecast probabilities, not for tomorrow but perhaps for hundred of

years hence, and his forecast will bec.-me more accurate as the amount of tatistical data

available to him, and the length of the period over which it is taken, are increased.
Prof. Scorer implies that the winds involved in the "Sheffleld incident" could not have
been predicted, but at the same time he attempts a probability forecast by saying that it
is the kind of event which occurs once only in a few decades. If observations of the

Sheffield wind over very many decades had been available, it is to be expected that te
probability of the wind involved in the incident he so graphically described would have
b)een accurately forecast.

With regard to Prof. Scorer's remarks on the use of Sutton's diffusion formulae it w&

emphasized in the paper that these analytical methods could be expected to apply only for

diffusion over flat open ground, and that where the plume is close to buildings, or in a
valley or close to an escarpmeat, the local airflow will dominate the dispersal of the

plume. For rough topographies, and particularly where pollution of buildings and areas

close to the point of emission is of concern, the paper recommends wind-tunnel tests
carried out under proper similarity conditions. Estimates of local pollution, where the

air turbulence near the point of emission remains mostly of mechanical origin, are rite

effectively based on wind-tunnel experiments, and for most such cases sufficiently reliable

indication is given without reproducing the temperature stratification. More precise

estimates are, of course, made in wind-tunnels where temperature stratification can be

achieved, and this is particularly so where pollution estimates over wide areas remote

from the source are required. While agreeing wholeheartedly with Prof. Scorer on the

desirability of more liaison between meteorologists and engineers it is difficult to see

how pollution predictions can necessarily be obtained by studying the phenomena at the

site of interest when the buildi'gs etc., which so seriously disturb the local airflow are

not present at the site until the site development is completal
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DISCUSSION OF PAPFR 24

"FLUCTUATING FORCES ON BLUFF BODIES IN TURBULENT FLOU"

by P.W.Beaman, UK

J.CB.Hmt. 1. As perpetrator of some of the ideas Dr Bearam has Just mentioned, I
thought I might say that, with my colleagues at the Central Electricity Research Laboratories,

we are studying theortically and experimentally the turbulent flow round circular cylinders.

We believe that we should aim to understand the flow before we can make much progress in

calculating fluctuating pressures; if anyone here would like to find out more about our

work, I would be glad to describe it to them.

2. I thought it might be worth pointing out that Mr Scruton and Mr Bearman have been con-

centrating on bodies which are laterally syetric to the oncoming flow.



A- xxv

It would appear then that the fluctuating drag is mainly a function of the fluctuating
vplncity parallel to the mean flow. However, if the body is not symmetric, for example a

square or recteangular block offset to the wind, then th, lateral turbulent velocity will

contribute as ofunw or more fluctuating drag and lift as the line velocity component.
Given the rate of change of drag and lift with oripntation of a building to the wind, it

is possible to obtain an estimate for the effects of these lateral components.

3. I would like to take up the comment Prof. Scorer made in the previous discussion.

He stated that wind tunnel testers ought to be more concerned about the large scale wind

fluctuatlons brought about by showers, etc. Although such phenomena are important there
is no need to simulate them in the laboratory (at least for wind loading problems) because
they are large scale and of low frequency. In that case it is possible to work out the

loads on the building, provided we have the meteorological data. The reason for wind
tunnel tests is to simulate the atmospheric turbulence at scales of the order of the body

ize, because at these scales the flows rounat the body and the pressure are most sensitive

to the incident turbulence and are least understood.

P.W.Bearmn. No reply.

T. V. lawson. I would like to question the use of the pri-ciple of "Aerodynamic Admittance"

especially when considering the flow around buildings which have a length in the downwind

direction. The juilding can add to the structure what was not originally present and the

term admittance is deceptive. Are we not watching hamlet without the Prince?

P.W.Bearnan. Our aim is to understand the physics of the flow in order that we can make
meaningful investigations into more complicated situations. This experiment has been made

as simple as possible in order to understand some of the parameters involved. It appears
from the work of Davenport et al., however, that the "aero amic admittance" approach is

a useful one and worth following further. It seems useful to first examine that part of

the fluctuating force spectrum that results from a direct forcing by the approaching flow.

When we understand this we can progress to try and understand the more complicated effects
produced by the building itself.

DISCUSSION OF PAPER 25

"WIND EXCITED BEHAVIOUR OF CYLINDRICAL STRUCTURES

ITS RELEVANCE TO AEROSPACE DESIGN"

by D. J. Johns, UK

D.J.Mul1. 1. Is it correct to relate the ovalling vortex shedding when you have a short
aspect ratio cylinder which is open at the top and subject to large tip effects?

i. Does the Helmholtz resonance of the cylinder enter into the problem?

D.J.Johms. 'Vvalling" has been noticed primarily on shells of large length to radius ratio

for which the lowest structure frequency corresponds to n 2 to 4 . However. it is
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recognized that aerodynamic tip effects do occur, eg. there is some evidence that the local

Strouhal frequency is less near to the tip of a solid cylinder due to a thickening of the
wake, as mentioned in my paper. Clearly one must also anticipate some aerodynamic effects
due to the open nature of the hullo% shell as compared to a solid cylinder. The correla-

tion of observed swaying oscillations with predictions is based on criteria for vortex
shedding phenomena for chimney structures, so it has been assumed that the observed "ovalling"
phenomena also are due to vortex shedding, particularly as similar criteria seem to apply.

Dr Maull's questions can only be definitely answered when data are obtained on the unsteady
pressure distributions near to the tip of a rigid and ovalling shell. However, I do believe

that vortex shedding is the explanation for the ovalling instability and not Helmholtz

resonance.

J.C.R.Ut. Firstly Dr Johns is presumably no+ implying that the collapse of the stubby
oil tanks is attributable to vortex shedding? Secondly I was interested in his observations

that the shells were oscillating in various modes before collapse. At the Central Elec-

tricity Research Laboratory we have been investigating such higher modes in aeroelastic
models of cooling tower shells. We find that relative amplitude of the higher modes is
dependent on the spectrum of the incident turbulence. Therefore to bring us back to the

subject of atmospheric shear flows, if the modes of oscillation of shell like structures
(cooling towers, oil tanks, or rockets) are to be simulated in the laborator, the correct
simulation of the atmospheric shear flow is required.

D.J.Johns. In showing photographs of the collapsed oil tanks as "obvious" examples of a

static instability (and I did not discuss these at all in the written paper) I was wishing
to indicate that prior to the static collapse quite significant dynamic motions were
evident. There was no intention to suggest that the collapse was due to vortex shedding
but rather that when these dynamic motions were analysed the results showed that resonances

existed at the lowest four or five natural frequencies (corresponding to typical values of
n in the range 5 to 9). It was particularly satisfying that our sLructure theory to pre-
dict these natural frequencies agreed very well with those measured values and gave con-
fidence in the reliability of the theory.

Regarding Dr Hunt's second point I fully agree that simulation of a full-scale situation
must include the factors he has mentioned. However, in our present work we are concerned
with obtaining agreement between theory and a particular measured experimental situation

which does not include simul-ted shear or turbulence. If and when our theory appears
reliable we will then attempt to apply it to special full-scale situations.

DISCUSSION OF PAPER 26

*STATISTICAL ANALYSIS OF GUST VELOCITIES FOR SPACE LAUNCHERS DESIGN"

by F. evilacqua, Italy

Errat^

Page Lne

1 15 Sisenwine instead of Sisslwine

2 9 the latter instead of later
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Page Line

2 27 -=  -YiB) instead of P0 
=  l-.lXPi

2 37 dimensional instead of dimensinal

3 1 Watson it,.. tead of Waston

3 Eq. (7) PL(V) = JLG(Vez)dL instead of PL(Vg) = fLG = (VgZ)dL

3 Eq. (8) non storm instead of storm

3 Eq. (9) storm instead of non storm

4 Eq.(10) G,(Ude) = ... instead of G(Ude)

4 23 fi instead of f

4 31 01 instead of

5 10 corresponds instead of correspond

6 13 sufficiently instead of sufficently

Discussion

G.H.Fichtl. The Marshall Space Flight Center at Huntsville, Alabama, have been concerned
with the problem of gust veldcity criteria for space vehicles for the last six years. Our
crit - 'a of a 9m/sec gust agree exactly with your criteria. However, our criteria were
derived from vertical detailed wind profiles, data which are entirely different from those
of Steiner and which were used in your paper.

Our wind profiles (1700) were obtained at the Kennedy Space Center, Florida, with the
jimsphere wind sensor which is capable of detecting wind fluctuations with vertical wave
lengths as small as 15 m. I contend that it is the fluctuations on these wind profiles
which excite space v.., les. Steiner's criteria or model are only valid for horizontally
flying vehicles and his criteria were derived from clear air and storm turbulence data.

F.Bevilacqua. From a practical point of view of missile design we are very pleased to
learn that at the Marshall Space. Flight Center a gust velocity of 9 m/sec was adopted
after a very wide wind profile investigation with the jiasphee and with advanced methods
of analysis.

In absence of more adequate data on the gust frequency distributions we had adopted the
classical PRSS and SIMINER frequency distribution data valid for horizontal flight
vehicles and, on the basis of the method outlined in our paper, we have obtained Informa-
tion on the bi-dimensional frequency distribution of our concern assuming the sean Isotropic
distribution of the atmospheric turbulence.

From your remark we understand that the isotropicity condition is considered unreliable
on the basis of the recent wind profiles and statistical analyaes obtained by NASA.

We would therefore be extremely interested to study the NASA reports leading to the
adoption of the some gust design velocity obtained in our study.
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DISCUSSION OF PAPER 27

"AERODYNANIQUJE DES PAROIS PERFOREES: APPLICATION AU PROJET D'ECRANS I-
PROTECTION CONTRE LE VENT; ETUDE DU FONCTIONNEMENT DE CES ECRANS"

by J. Valensi, France

Errata

Page Para. Line

1 2 17 5 xl1 instead of plusieurs milliers

2 2.2 18 instead of V

3 2.2 5 0,63 instead of 0,67

3 2.3 25 v0  instead of h in the equation

i instead of 1 in the equation

3 2.3 29 v o  instead of h

Discussion

J. de Krasinaki. What are the views of the author concerning the rather different behaviour
of a three-dimensional porous body in free airstream? The case I am referring to is the
drag of a porous sphere of variable density which I once tested in a low speed wind tunnel.
The results quoted were independent of Reynolds number variations within the range
R- 0.8 x 101 to 2.2 x I05 . A wire basket in the shape of a sphere was constructed
and could be filled with continuous thin turnings obtained on a lathe out of high grade
steel. Due to elasticity these turnings filled the basket uniformly even at higher wind
speeds. Their width varied from about 0.5 mm to about 3 mm and did ziot affect the drag
either. The relative density of the sphere wan expressed & a parameter.

weight of the porous sphere
a =

weight of a solid sphere of the same material

The parmster i-a was to scee extent a measure of thie porosity.

The coefficient CD was defined as

Drag
CD : FI.-"

t = radius of the sphere.

The results c9 the *easurements on the porous sphere showed two Interesting points
might be not*J: (a) The mimum drag occurred at an extrely low valiue of a (a : 0,015).
which I call th crtticai density; (b) 1he drag coefficient CD = 1.2 was higher than the
correspondlng drag of a disc (CD  1.0),

It is also obvious that for a o. CD  0 and for a = 1, CD will be that of a sphere
at the corresponding Renolds nuaber ad surfaces rc4ginesa (CD = 0,). These results are
very much different than for the two dimensional case.

I would be interested to hear vome coments of Prof. Valenal.

J.Valemsi. The cae raised by Prof, de Krasinshk is moat interesting. Unfortunately, it
I difficult for me to answer straight away to b., question " the theory and the experi-
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ments of which I have given a,. account are valid only for two-dimensional flow.

One can think that the wake of a very porous sphere has a section much larger than the
section of the wake of a plane sphere; this could explain a large loss of momentum in the
wake corresponding to the larger drag. I will ask one of my 6tudents to make soce
experiments to find out the configuration of the wake of a very por-,is sphere and will let

Prof. de Krasinski have the results of these investigations.

P. W.Bearman. The author may he interested in a paper presented at AGARD Specialists'
Meeting on "Separated Flows" (C.P.4) showing effect of lose bleed on the wake behind a
bluff body. The flow patterns are similar to those presented here and there was also
found to be an increase in Strouhal number with bleed rate. The drag on the body was

reduced with increasing bleed rate and this was mainly due to a stabilization of the vor-
tex street and a reduction of vortex street drag. Could this effect of reduced vortex drag

contribution be important in determining the drag of perforated plates?

J.Valensi. The comments of Dr Bearman are most interesting as they bring up a confiration
to the results concerning the influence of the porosity on the frequency of the shedding
vortices, which I have obtained more than fifteen years ago.

The effect on the drag of the frequency of th? shedding vortices and, consequently. on
the scale of these vortices, is shown up in my experiments by the expression of the drag:

CZ - 2I -'2) 

It is important to mention again Lhat the Benard-Kirmdn Vortex Street is observed in
the ake of a porous plate only for c between 0 and G 63.

Ie
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Epof. jUjtfhn Ladies and genTlemaen. I have the pleasure to open our round table die-

cussei. The format vill be relatively simple. I'll ask the rembere at the table to 3ak.

soze summarizing remark?. some 2erhaps prcvocative, some exploratory -" then serely no.

der&a:e the discussion betwen the panel and the audience and Vithin the Wanel. The only

tlng 1 ask is to use your button ard identify yourselves for the proceedings. The panel

needs no irtroductivn *ince _ve all been on the program. I'll call first upon Prof.

Paaofeky to ope-n 'he discusion.

EProf. Jan ert s little difficult to start something like this after three days

&,f iitting down and enjoyAng oneself. Summarizing the whcle neeting in five minutes is not

easy. I ca not vary gcd at s!,'g anything provocative, I am going to leave that to my

neighbor on Ue r-ght (Prc4 . Scoror). I am going to make however some random remarkssoeing

this kinc of & conferenco from ti e metecrolocist's piet of view. The name of the conference

implies sc)e probleAs cf stmosvherc ahe.r layere and there are large amounts of shear

everywhere in the ataospbere. SQ, really we c"uld have talked about all of dynamic metoo-

rology. This. is too larg. a subject nd sctually the confereice was a little more limited.

1 suppose almost all ur ;;,pers dealt with layers where the shear was unusually large, so

large in fjot thnt turbulnnce either occure4 or at least could be expected; either we were

dealing with the ehear lay.v clone to the ground or some elevated shear layer. low, eleva-

ted shear layers nze importact in conection with clear air turbulence, but I don't want

to talk about it now, 1', may come up dur'ng later iiscussirus. What I would like to do is

summarize some aupects of wh.t goe on in th6 lovet part of the atmosphere and mainly,

what are 4cme of '.ho praztical prob lems vhiac the meteorologist is asked to solve. I think

that among such problems, where the me'torologist can .:.a useful is first of all providing

information which c" be applied .o Thot~e. Tis aspect of meteorology was mostly empha-

sized in this confez-vnce, particularly thbe effect of winds on buildings, towers, standing
structures and also on novinM strueturef such as airplanes. Now in the case if standing

structures, the problems are relatively simple for the meteorologists because one is normal-

ly only interested in situetions of fast windu, so that one really does not have to be con-

cerned too much "bout hydrostatit stability ( he Richardsnn number being approximately zero).

1 think that, for such applications we have s-e greniest difficulty in trying to prescribe

horizontal resolutlon whatever As needcd to bo know.. The kind of thing one needs to know

is the velocity-spectra and tho wind. We have seen that here thr --elocity-speotra are

mifferent everywhere and people can got pretty good pictures of what the wind-speed-spectra

are at or place; but they are completely dttfferont somewhere else as Car as low frequencies

are ooroerned. High frequencies on the other hand we can specify very well. As far as mean

apee4 is concerned we have a similar problem; wherever we need it we don't have it. Very

often the wind speeds are given at airpcrts and we want to have the wind in the middle of

the city. In all &pplicationa are involving information near the ground, we have the prob-

lea that there are large viariations horizontally and we cannot get observations everywhere.

The second kind of applications to structures has to do with airplanes. Occasional-

ly sirplans aleo fly near the ground. Most of them have to land sometimes and there again
we have some meteorological problem.. In that case again we need different kinds of metes-

rologiial information which we understand fairly well because in that case we deal mostly

with vertical velocities which are somewhat more difficult to measure than horisontal vale-

cities but wlioh are more easily understood. Again we are having problem. because the hon-

zontal variations of terrain and their effects are qi ite complex.

The next important application if meteorological information that has been men-

tioned is the question of tht effect of meteorological parameters on air pollution and die-

persion. This has just come up only briefly and I donft want to say muoh about it. I would

like to contradict one of the
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like to contradict one of the other speakers in the way in which this i ? mostly now being

handled. For a long time most of the work was based on formulae by Sutton. However there

have b*en quit* a few studies lately and, e.g. in the U.S.A. quite different techniques are

now being used and I would like Just to suggest that there is a quite good summary on the

subject called "Meteorology and Atomic Energy 1968". Also Dr. Pasquili is about to revise

his book on "Itmospherio Diffusion". There are still some particular problems in atmospheric

dispersion and I cannot sumrize them all here. I think one of the mayor ones is that we

do have to take into account variations of stability of the atmosphere. Nighttime conditions

with clear sky and light windp present perhaps 4he worst difficulties in trying to estimate

dispersion of contaminants.

Other applications of low-level information which have not coe up very much during

this meeting have to do with the vertical flow of momentum, heat, moisture and other quan-

tities through the lower atmosphere, and tieir relation to large-scale meteorological para-

metrs. These are important in agricultural meteorology but most particularly in trying to

improve the system of mathematically forecasting the behavior of the large-scale weather.

There is a lot of work going on in this area at the moment and millions are being spent on

trying to just estimate how these fluxes are being produced. Here again one of the mayor

problems is the lack of spatial homogeneity; scientists teuid to make point measurements,

but what is needed is average measurements over large horizontal areas and this one topic

seems to be one of our mayor problems throughout. Finally, just to complete this, I mention

one more application which we have been discussing at Stockholm about three months ago and

that is the question of propagation of waves. Propagation of waves is very much affected

by the turbulence in the lower atmosphere, such as radar waves, sound waves, optical waves.

Here again we are very much concerned with not just the wind distribntion but in this case

the effects of vertical stratification. But, if I want to summarize, one of the ma%n prob-

lems in most applications is the lack of horizontal homogeneity near the ground and we can-

not be everywhere at the same time.

L. k I wish to break my comments up into essentially three main categories. The

first one is the aeronautical application of knowledge on atmospheric shear flows, the second

Is some of the problems associated with atmospheric shear flows in the area of basic fluid

mechanios or aerodynamics and the third is a few comments on the expectation of solving

some of the problems we are faced with by the use of wind tunnels. I would like to state,

at least in my opinion, that an understanding of atmospheric shear flows is really an es-

sen~i~ iart or the education of an aeronautical engineer if he is going to be properly

prepared to solve some of the problems he will be faced with in the design of aircraft on

almost.any scale of aircraft you might think of. The reason for this is that we are now con-

fronted with bauio problems associated with take-off and landing -- particularly with the

problems of take-off and landing of VSTOL aircraft that are being designed and tested. We

also have to bring the supersonic transports back down to earth and, as I understand it,

the stability associated with the low-speed flight of these aircraft, especially under per-

turbed conditions of the ntmospheric surface layer, is a problem at th4 po.int in time.

Accordingly, stability analysis and the actual structural design of air.,:aft require infor-

mation n atmospheric shear flows.. We also have the problem associated with city-planning,

of locating landing facilities in cities for VSTOL aircraft, and especially helicopters,

where we must deal with the local environment produced by wind blowing over buildings.Per-

haps we will have to design wind screen. or some kind of shelter to protect the local lan-

ding sites.

We have another problem which is of considerable practical importance, especially

as aircraft get larger. This is the prediction of dispersion rates for intense vortices shed
-4
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by aircraft at landing and take-off sites. The movement of these vortices by th6 ground-

level winds and the dispersion of these ground-level turbulence need further study. Another

problem that is rather serious is that of proper design of automatic landing systems. We

know that turbulence, the turbulent fluctuations of refractive index near the surface of

the earth, strongly affects the transmission of electromagnetic energy and can result in

misjudgeuent of the height of incomir& aircraft. Another problem is the dispersal of fog

and smog near runways and the associated problem of visibility for pilots when landing. This

can be quite a serious difficulty especially for the small Drivate aircraft when they are

descending and suddenly lose visibility because of a ground-based layer of smog. Then, of

course, we have the problem of clear-air turbulence which in quite ulosely associated with

the zones of intense shear in the atmosphere; primarily at elevations above the atmospheric

surface layer.

Secondly, I would point out some of the basic problems in fluid mechanics we need

to study if we are to reach a fundamental understanding of the phenomena we see in atmos-

pheric shear flows. I believe that development of this subject is still in its infancy.

Many workers have viewed the subject more or less from a deterministic point of view. How-

ever, flow phenomena in the atmospheric surface layer are better described from a probabi-

listic standpoint. Some re-thinking on how to describe turbulence in the boundary layer and

the associated mean wind distributions from this point of view is Aeeded. Along the same

line we need to consider extreme value statistics of the wind fluctuations within the boun-

dary layer and the atmospheric surface layer, Unfortunately, the commonly used energy speotra

do not tell us what the probable extreme values will be.

Now going to more conventional types of problems we need t3 study the effect of

time and space dependent boundary conditions. When working in the atmosphere we must face

up to the fact that variable boundary conditions produce major deviations from the classical

two-dimensional boundary layer. What is the rate of change of turbulent-boundary-layer

characteristics when we introduce a perturbation? A few studies have been made but not

enough. What are the turbulence characteristics introduced by croseflown or what are the

turbulence characteristics associated with three-dimensional turbulent boundary layers?

I mentioned on Tuesday that this is one of the areas where we have an abundance of ignorance

concerning the basic physics. Another problem we need to study is the effect on turbulence

characteristics for shear flows in rotation. Certain important aspects of this problem were

pointed out by Dr. Caldwell. Laboratory facilities such an those used by Dr. Caldwell will

enable signigicant studies to be undertaken. Another problem of importance is the effect of

large-scale perturbations in the outer edge of the turbulent boundary layer. What is the

effect of these perturbations on the actual structure of turbulence in the surface layer

and what effects penetrate to the boundary? In the atmosphere we have large-scale turbulence

at the outer edge of what we call the planetary boundary layer and the question that comes

to mind is how are these disturbances propagated through the surface layer and how do they

ohange turbulence in this particular layer. These are questions I believe to be important

when trying to relate our classical boundary-layer theory with what we actually encounter

in the atmosphere. Another problem I would like to point out is the effect and the behavior

of turbuleroe in stagnation zones. This is particularly important for stability analysis

of low-speso aircraft and VSTOL-aircraft. The "skin" loading of large structures by turbu-

lent winds such as Dr. Bearman discussed this morning is also an important problem. These

are a few of the fundamental problems which are in need of more intensive study.

Finally, I wish to oc_.ent on the applications of the wind-tunnels to help to

solve these problems. I must point out two basic difficulties in modeling-the atmospheric

shear layer with complete similarity. One difficulty is the restriction on the lateral scale

of turbulence that we can achieve in the wind tunnel. When we observe an atmospheric surface

!1
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layer with stable stratification, we see a meandering motion where the wave length may be

tens of kilometers in size. Theme dioturbances appear to be produced by mesosoale pheno-

mena which we know little about. This results i. some uncertainty when attempting to simu-

late diffusinn problems on a rather large scale. The outer characteristic of atmospheric

shear flows we cannot simulate in the wind tunnel is that of turning of the mean wind with

height near the surface of the earth. We have taken the point of view that if we can ade-

quately simulate the turbulent diffusion in the wind tunnel then we can get a good approxi-

mation to actual conditions by superimposing the turning of the mean wind with height.

These two difficulties should be studied further in both the field and the laboratory in an

effort to determine how well our existing wind tun=')l facilities approximate true similari-

ty. I have been attempting to categorize problems we can successfully study in the tunnel

and those we cannot. I have arrived at a tentative rule that can be used as guidance. When

the scale of the flow disturbances of importance in the phenomenon we are studying is of

about the same scale as the phenomenon itself modeling can be accomplished with satisfaction

in the wind tunnel. This will be the situation e.g. when the fluctuating overturning moment

for a large structure in the center of a city is under study. Here the major flow distur-

bances are created by the buildings surrounding 'he structure and are approximately the

same miss as the structure. Problems of a more basic uature in this category for which wind

tunnels have contributed significant knowledge include the effects of thermal stratification

and roughness on turbulence structure and diffusion in turbulent boundary layers, the effect

of density stratification on stability of shear layers and the characteristics of gravity

wave, generated by flow of a stably stratified fluid over mountain-like geometry. Wind

tunnels will probably make their greatest contribution to our knowledge of atmospheric shear

flows through future systematic studies of this type. In the opposite case where the scale

of the disturbances are small compared to the scale of the phenomenon under study simili-

tude may be poor. An example of this is an effort to study the behavior of a smoke plume

over an open area say ten or more kns in extent. Hefre the turbulence is created by the in-

stabilities at the ground produced by the surface roughness and thermal effects on a scale

small compared with the overall scale of the plume. Here the possibility for successful

modeling is in doubt beoause the large scale disturbances which ultimately dominate the

actual pitme are not present in the model. Future developments in the generation and simu-

lation of large scale turbulence in wind tunnels by use of jets, v,ticity generators, mo-

ving boundaries, etc. ma relax this restriction.

Prf. Soorers In one of the early papers Dr. McPhereon geve an example of the good co-

operation between meteorologists and aeronautical engineers in doing research int. the at-

mosphere. e told us that they obtained from past experience a good site to do these thinge

where the amplitude was large and they obtained daily forecasts and expectations etc. from

the forecasters. Now this kind of cooperation does not extend very far beyond the realm of

aeronautical engineering. Dr. Clark was one of the very few people who took his laboratory

experiments and had a theory, which worked for them and applied it to the actual measurements

in the atmosphere, and he obtained extremely good results. We can feel some confidence now

that we understand somothind more about those mechanisms. These people who are working in a

realm of the atmosphere whe:to the meteorological information is relatively good axe well

off. We can put up soundings, can lay on aircraft and sake aeasurements and nobody else is

bothered about what goes on in that piece of the atmosphere. But, when we come to the lowest

thousand feet particularly over cities we find that the meaeurements are very very few in

far between and this is where we need now much sore detail. And strangely enough it is the

aviation authorities that pmwunt us from making a lot of these observations. We must not

have towers or balloons on strings near airports. It even goes further than that. The public
health people in Cincinatti built beautiful radio-controlled vell-instrumented toy aircraft

and were going to study the pollution in Cincinatti by measuring the atmospheric stratifi-
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cation. Then the aviation people stopped the whole project. This is an example of the diffi-

culty and tiere are very few places where there is ,iod instrumentation. Some people have

big towers and Central Electricity Generating Board in England are using television mast

now to make soundings. There are also some nice big ohimneym vhiih they can use. But, these

cases are rather exceptional and I think that it would be good if people like those assembled

here could put more pressure on those who might make the observations to get them made in

the area where we need them to be made and this includes valleys and cities.

When one can apply theories to cases where there are plenty of measurements the

results always teach us something both when the theory does work out and when it does not.

But, there is often a tendency for people (and this is very evident in a journal like the

Journal of Fluid Mechanics), in th. last but one paragraph, Just before the author makes

hie -.knowledgements, to think up an application to the atmosphere and gaily say that this

explains something or other. Of course generally this sort of rather facile explanation 6

doesn't come off when examined carefully, and this is partly because we have not got very

good observations in the region we are concerned with and partly because people who work in

laboratories and with theories do not tend to work closely with people who have a long ex-

perience of the atmosphere in order to make sure that there is genuine relevance to parti-

cular phenomena.

Excessive claims are sometimes made for the use of wind tunnels and I am not going

to contradict any claims when one is concerned with forces on bodies; but it is when one is

concerned with diffusion problems particularly in connection with air pollution that I think

the claims can be exaggerated. Most of our diffusion problems occur when the wind speeds are

low and this is when the dynamicly based diffusion formulas are not valid. It is also the

case which is very difficult to model accurately because of the motion associated with large

stratification in the atmosphere. The atmosphere is actually quite a good laboratory itself

if we learn how to use it, if we learn how to put up smoke generators, measure tracers, ob-

serve free talloons and so on. Ar enormous amount can be learned there.

Prof. Panofeky asked to be provoked. So. perhaps now is the time. He mentioned

some books and he is a good friend of .in*, so I assume from the fact that he dil',, =ention

my book that he didn't know about it. So I have some reason to tell you about it now. It is

called "Air Pollution". I mention this because it is really a picture book. It contains

about a hundred pictures of phenomena to which I think he wants the attention to be drawn.

The point of mentioning this is because he did mention books and I think the list ought to

be complete. Now also there is a very readable pamphlet by Dr. M. Smith. This is one in

which advice is given on how to think about pollution problems with reference to the motion

of the atmosphere. He doesn't tell you to use a certain formula, he eays certain formulas

have certain properties but ... and then the importnt stuf begins. This is concerned with

the stratification of the atmosphere and topographical and other small scale effcet. Hans

Panofeky also mentioned the Stockholm conference. One of the moat interesting ways of as-

king soundings in the atmosphere, without actually going there, that came out in this con-

ferenoe was by beaming sound waves upwards using a sort of sonar. He ezploits the fact that

layers with large stratification give a measurable reflection when contorted by some sort

of turbulence and this is a very cheap sort of Instrument. It doesn't require a large sxo~unt

of technology or maintenance. The author was A. R. Nahoney (Weapons Research Establishment.

Salisbury, South Australia). It is a very useful technique wich I think more people should

know about.

low there are two final points. one is that we need zere liaison with practical

meteorologists and I mention this because this conference is composed mostly of people in

rather specialist institutions, research Institutions and universities. But, the people who
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actually do the sob, particularly in conneotion with air pollution, are probably not here -

public health inspectors, architects, civil engineers etc. and they have to botoh things up

as best as they can. I think, we ought to remember their jobs when we are pontifioating and

saying how thinge ought to be done, we ought to seek to help them in making praotical do-

osimns. It is not for us to tell them in detail what to do, and fortunately the enormous

variations in the atmospherio behavior preven+ ,is from giving them instructions. (Otherwise

the wo.ld would become a terrible bureauoracy). The detailed eeoisions ought to be made on

zae spot by the local man and we should give him a better Idea how to do it. That in one

task. The other striking thing about this conference was that there was a very great non-

uniformity in the lovl of teohroal knowledge assumed by the authors, and this varied aocor-

6ing to what aspect c the sub eot we were dealing with. I am not criticising anybody, I am

just remarking on this faot. For example Bans Panofsky gave a very nice elementary treat-

sent, vhich I hope I knew most of, but I thought that he was quite right in doing it in that

vey because most people here do not Anow this part of dynamical meteorology. On the other

ha d many papers started at sanh a high technical level that many people may have been afraid

of asking questions at all about some of the basic assumptions. When I asked Dr. 7.B. Smith

a question somebody behind se muttereda "8ohliohting page 224", as if to imply "you had

better go and do your homework before aking silly questions". On the other hand I could

have said "Scorer page 2" in answer of one of the other questions asked. We have a genuine

difficulty here, in knowing how universal is the knowledge that we .-ka for granted. I spend

much time teaching satheuaticiens who are going to become experts in fluid mechanics and we
have this problem of deciding how much meteorology, how such tolmogorov, how much Monin-

Obvkhov and how much of all these things they ought to know. I don't think anybody can give

answers he:,* but, I think it Is something we ought to think more about. A civil engineer can

say something about public relations, labor relations, economics etc. But does he know any

of the kind of meteorology that we have been talking about? Does he know how to use the lo-

cal forecasting office when operating on a construction site? I rather suspect that there

is not enough liaison between such people and that partly our education system is at fault

in not teaching people those aspects which used not to be very important, but which are now

evidently becoming more important.

Nefeoreces "Air Pollution" by R.S. Scorer, Porgaaon Press, Oxford 1968.

"Recommended Guide for the Prediction of Dispersion of Airborne Iffluents"

edited by Kayarnd Smith (Brookhaven National Laboratories). Published by

the American Society of Neohanical ginnere, United Iginering Center,

345 Ust 4th Street, Now York I. 10017. U.S.A.

jI As the last in the line I must be careful not to repeat what some of the pre.

vioe epeekere have *a-. Ny impresion of this meeting is that we have had from the meteo-

rologists som very irteresting and detailed papers. But, I an nt yet sure how Inforastio

they give is going to fit into the standard pattern or struoture of the vll which engineer*

want to use LI. etruotural deelsa. Inaineers really need statistioal averages sad probabili-

ties of maximm winds, the speed and spectra sad oorrelations eta. oeouring over etrals

period of time, say e.g. the lift-time of the structure. With reard to Dr. Sore ts point

about the liaison between meteorologists ead struetur l engimere it should be noted that

in Vnglaln about 9 or 10 years ago engineers had to set up their ova reeareb station to get

the information on the vind structure whisk they vsatel. I lomt t think meteorology a sarris4
out in Igleand by public bodies would neosessal, give tik Itonstion egseernor veat. Of

corsi, neers are very keen am getting this Itration over eities sad all the 41ff1-

oultiee which Dr. Socrer pointed out are very evidemt. Is metioned the eoar-fatla-teob-
ique as a possibility method of making these mesuremate sad I vould like to su gost thatmiqu
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perhaps the Doppler-laser-technique might also provide a suitable means of obtaining wind

structure over cities. As structural engineers we are coneorned with the e rodynLamo of

bluff bodies and this is almost an open book, very little is as yet known and there is very

good opportunity here for aorodynaioiste to work on very important problems. Ws vent to

know the effects of turbulence and shear on the mean airflow, over bluff bodies and also

to be able to assess the aerodynano admittance of bluff bodies in atmospherio shear flows.

kerodynasnio stability properties are also influenoed by shear and turbuleno, and also by

the amplitude of oscillation. Of oourse this requires methods in wind tunnels for repress.-

ting the shear flows. Here again there is wide scope for ingenuity in research. Dr. Soorier

said most of the present methods in use are not satisfactory. Well, I think there are, oppor-

tunities here for producing something which is more satisfactory. The ohange of wind direc-

tion with height which Prof. Cernak mentioned may not be so important in regard to tall

structures because most of the energy which causes the structure to oscillate comes from

the top third of the structure and there probably is not very iuoh change in wind direction

with height on the top third of the tall structure. I was very interested in Prof. Corak'e

remark during his talk about the possibility of simulating turbulent flows with laminar

flows by equating the Reynolds number of the laminar flow using the kinematic viscosity, to

that of turbulent flow using the eddy viscosity. any yearse ago we used to carry out flow

experiments over landscapes at very low wind velocities. We had little confidence in the

results but if with the relationship suggested by Prof. Cermak we might have been doing

better than we knew.

Another aspect is the provision of high Reynolds number facilities. If we are

dealing with sharp-edged bodies perhaps this does noi matter quite so much but with certain

structures it is certainly important to have methods of reproducing flows at high Reynolds

numbers. It was not mentioned at this meeting, but there is soa*e possibility in the smages-

tion made by Mr. Armitt of the Central Blectrioity Research Laboratory in which he relates

the flow over round bodies to the roughness Re-number of the surface rather than to the

Re-number itself as we know It. This suggestion appears to be supported and confirmed by

experiment.

Akntnatloe Do any of ,as speakers care to omment on the ability of predicting pheno-

aens that is a short-term prediction applicable to flying aircraft to be able to avoid oer-

tain conditions that could lead to catastrophioal events? Of course you know we talked about

the various shear conditions and transfer of momentum, oertain approashee to stationary

buildings and the buildings do have an advantage, they stay there end you can deoi for

certain conditions but for airoraft, beoause there Is limited struetural capbility, ya

try to avoid certfin conditions that can occur and even nov by lookin at certain eloud

formations e.g. that are set up by various wave phnomma. Ona you predlet to may reasonable

acouraoy a turbulent condition or a sbeer oondiiton that ulO14 lead to catastrophic failure

in the aircraft so that the aircraft in a short time e m avoid it?

ZLJ.ub is As with almost all forecastlng Jobs people Ioa and get better at it b
ex:vrieace and what I would 'sy Is that If you hope ever to hav, people who eta 4o this
kind of forecast you have got now to make people try to do it. Sm are trying, w4 they

are getting bettor at It and their l11mitations are fairly well known by airliso pilots.

Pilot# send infermation end eusoeeding aircrafte on the oe4o raute get to knew this petty

quiekly, and there is petty good liaison with aviation fo erstere. Pat soetially this I
Is a thing which people lesar to do by trying to do it. ?bey discover mare about the gap

in their kaoledge by trying. I think &obody is entitled to make my prMtoiee but, I feel

pretty certain that the forscasting of thia will get better In the neat 10 years. As air.

craft fly higher we have to lean more about the differsene between the new layer that

................................... .. . - .,-.
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have been frequently flown in and the M ones you know quite a lot about.

Prf Pn tv I couple of weeks ago at the London meeting, there was a speech by a gentle-

man named Lorenz about predictability generally in taso atmosphere, and he came out with a

statement which I think can be prevent the larger the phenomenon the more predictable it is.

One of the most difficult things to predict is the change of wind in the next two minutes,

which in due to very small eddies. Such predictions are important for certain applications

to rockets. To predict a rather small-scale effect like an individual turbulent breakdown

is extremely difficult. I would have void that what we are getting pretty good at doing is

to point out eartain general regions in which clear air turbulence is going to be very much

of a problem, and to estimate its probability. And as Dr. Scorer mentioned, if some other

plans has been iround before and had trouble then you probably have trouble also.

Dr. Rancho My question in mainly directed to Prof. Cornk and Prof. Scorer and it conc'rne

laboratory simulation of free shear flows with particular reference to the study of clear

air turbulence mechanisms. We have seen the elegant experiments of Dr. Clark here, and the

work of Woods has also been mentioned. Now, I would like to ask the panel in what direction

do they think such studies should nc , go?

Prof. C tr.aks I believe the study of Dr. Clark has given us considerable basic information

on the mechanism but, the problem still will be to predict when the conditions are right for

these mechanisms to occur in the atmosphere. The basic philosophy I have in this particular

area is the followings whenever we have a flow problem which we wish to relate to the atmos-

phere we should encourage more field studies and examination of the actual phenomena in the

atmosphere. There are @soe studie being undertaken in Japan with instrumentation suspended

from a helicopter. Very fine resolution is being obtained in the density and the velocity

structure. Critical structures are observed and the resulting instabilities are being stu-

died . I think further studies along this line would be very revealing. Studies in the la-

boratory along the line of Dr. Clark's work and perhaps some studies in the wind tunnel to

determine the volume of turbulent fluid produced by breakdown of n unstable shear layer

and the way in which the spectra of turbulence varies after breakdown would be usequl.

P LfA Seorgj. I think there are two points here. One is that we can say nav that if the

action io strlotily 21) then it will break down in the form of these overturning billows.

The theoreticians should be invited to answer the questions dose it break down in another

manner when the motion is not strictly 2M? Is there any other way that the laminar horizon-

tal flow can begin to break down other than by turning over In r in this way? I don't

think there Is in the free atmosphere if the flow is strictly 2D. So th.s io a theoretical

challenge. Along with this e need to Investigate more -D problems in laboratory experiments

too. Dr. Roach 4in't sention the beautiful experiments of Dr. Thorpe. These are absolutely
aupar'b. They are Wgain 2D.

fow to the other point. It as*e* likely that a 2D theory bee really got the eoeon-

tiale of the mohenim, because we know that 2D mtions are ore unstable than 3D ones, so

that is a situation whore the amtion is 3D, the bits vhh break dow. are likely to be like

the 2D motion. But I don't know whether this is certain. The more important question is, how

do we get to the stats where too ation t reody to break do;n? With a l yer of iargc static

stability or a layer with rather large shoar we know whereabouts they will break down in a

mountain wave or a frontal surfsee which pr-duce modifications in their etructure to aske

it unstable. What we need now is to look one st*4o !-uthor baok and see how we get to the

previous step. What are the seohlasm for generating layers cf large static stability?

What are the soohaess for producing *heer layers other than by large static stability?
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There ar* many possible meohaniems and I think there will be seaveral of these all feeding

the billow mechanism. That is where I think the research should be directed.

D t I should first like to apologize for the insulting referenoe to Sohlichtinl

Secondly I should like to address a question to Prof. Cernak who put his finger on the in-

teresting methodological problem which in whether we should look at the problem of turbu-

lent flow round buildings, and turbulent flow over aircraft near the ground, in a deter-

ministic or probabilistic kind of way. It certainly seems to be the trend amongst the people

interested in structures, as Mr. Sfruton pointed out this morning, to go for the statistical

sort of approach, in which little is done to examine the tail of the probability deomit7

distri-,ution of velocity or pressure. But the other day I v.oited the Royal Aircraft nota-

blishment of Bedford in England and was intrigued to find that there the approach of the

engineers, who are trying to predict sudden loads on aircraft caused by gusts near the

ground, is to lock at UV-traces of turbulence and from the trace of big gusts, attempting

to calculate their structure. Thus, by this semi-deterninistic method they claim (this is

Mr. Jones) that you can construct models of the kind of gust that occurs in the tail of the

probability distribution function. One might describe these people as "gust-timiners". 1

wonder what the view of the panel is on this difference in approach between the aeronauti-

cal and structural engineers and whether such a difference occurs in other countries?

the apract I too had the opportunity to discuss with Dre. Durnham, Jones and XoPherson

the approach they art using to describe turbulent events for their gust analysis and I am

in agreement with them that the distribution function for the maximum nr the extrea diffe-

rence in velocity fluctuations as a function of the time interval betwen the oocurrences

is important information from the standpoint of control analytis. I would try to promote

this approach to not only getting information that is of use to the designer but for use in
understanding the actual structure of the turbulence which the turbulence spectra hides

from u.e.

Prof, Libbyi would 1ike to make a comment ano then ask a couple of questions that follow

from the comment. First, ., as an aeronautical chap, have derived a great benefit from this

meeting despite the difficulties that Mr. Scruton has mentionedl but, I think it is true

that we aeronautical people have not really had a chance to make many comet about some

of the matters discussed. Two questions I have really derived from things that I know about

the turbulent boundary layers as they arise in aeronautical applications and the questions

will be, whether or not these things are well known to the atmospheric people.

The first thing relates to the question of heterogeneity of boundary conditions,

tUe importance of which has been -Dressed upon us at several occasions. I was partlcularly

struck by Prof. Panofsk's remark that the boundary layer coming off the land ed engaging

the sea remembers the land for 100 kilometers. That is the number that 1 recall. qov in

aeronautical applications it is well known that if one has a turbulent, tvo-dimsns- cmal ead

imcoprossible boundary layer, subjects it to a favorable pressure gradient, then to an ad-

verse one and then to another favorable pressure gradient of the mss sort that it origlnal.

ly had, the boundary 'eyer on the second favorable gradient is not the ceS as the fire? e.

It does in fact have a distinct memory. This sort of phenomena has led the aeronautiol

people t have models of turbulent transport which are not depindent upon only local oon.

dCtions and I think almost everything that we heard these days concerned transport in the
stmospher 'ieponding upon only local conditions. low the aeronautical peopie have cooked up

non-local" models e.g. .n the U.K., I think bradthas's work is perhaps well known, and

there is a review of these matters in Kovasanaes recent article in Physics of Fluids. the

one which was a supplwmnt reporting the results of a Japanss %*eting on turbulence.

I



Bx

The othbr question of heterogeneity I would like to remark on is the problem that

Prof. Cormak talked about, namely a boundary layer presumably flowing over a surface of one

thermal oharaoteristic and then entering a region of a different thermal characteristic.

This is a very old probii% in the aeronauioal litterature and if I had to do a calculation

of that problem, I would oeraminly refer to Spalding's work where he showed us a ver,- good

way of tackling it. So, my first question is: Are all these things well known to the atmos-

phoric people?

The second question is as follows: the aeronautical people know very well that if

they have a boundary layer flowing on a surface, there is a very distinct interface between

the region which is turbulent and the region which is essentially potential flow namely the

external flow. This is a highly convoluded interface usually described by so-called inter-

mittancy factor which is I if the flow is totally turlulent and 0 if there is no turbulence

and, of course, this has some sort of a smooth curve in a boundary layer from 1 at the wall

to 0 yell beyond the mean location of the boundary layer thickness. Now in these days we

have heard absolutely nothing about that interface and my question ist Do the atmospheric

people know about it and have they observed it?

Prof. Panofekys I can only speak for myself and not for the atmospheric people generally.

I certainly know about the last thing that Dr. Libby mentioned, that is tho interface bet-

ween the turbUlent and laminar regione and the kind of shape it has, from other meetings

sinilar to this. Perhaps Dr. Scorer ought to talk about this later. There are a number of

situations I think aud one does not explain the conditions just by local situations.

Prof . Sorers On the subject of local determinacy I think the assumption that everything

is determined locally is made because the theory is quite difficult enough. In those situa-

tions where it is possible to dc better than that, better has been done. 1 would like to

may this in defense of meteorologists. I think they are very well informed on aerodynamics.

If the a~rodynamicists produce a technique they will try it out. In most cases where it is

all determined locally a6 in a Monin-Obukhov type of analysis it is not practicable to do

anything more complicated.

On the subject of intermittanoy there is a distinction here between aerodynamics

and atmnspheric dynamics in that we are not usually concerned with the upwin4 edge of things.

The phenomenon of intermittency dcesn't occur in the atmosphere in the same vay in wxperi-

mental aerodynamics. If you have a flat plate with fl, on to it and you look at the edge

of the boundary laer, it has this intermittancy. But it does not usually look like that in

the atmosphere because there is always a turbulent boundary layer upwind, even in sir arri-

ving at the coast line. In any case we are most of the time concerned with the situation

fa downstream. We have the Sman layer typ of phenomenon where you have grt a sort of

oquilibri,m situation. You can measure a sort of interuittency in the atmosphere (e,. bet-

ween clouds when flying among cumulus clouds). After a period with a mooth trace you vill

get some turbulence, which ts obviously turbulence. on entering a cloud. But, this 1 not

the same thing as your intersittency. It is a quite different phenomenon.

4 u I would like to worry a little about this last point. In the case of free

air turbulence when one has these slanting shear layers cne has turbulent regions and then

nmt to it regions which are effectively edges of the turbulent layer. I would not be a bit

surprised if the aerodynamics at the edge of the turbulent free shear layer, is very simi-

lar to what you have been talking about.

ZCLJA t I don't think that I a.'o clear to Prof. Scorer what I an talking ab!tu; the

a:
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intermittenoy that I am asking about has nothing to do with star,.6ig edges. If one would

have a turbulent boundary layer 3000 miles long it would !rtill have an interface between

the potential flow and the flow which is interior and turbulent. It has nothing to do with

the sort of intermittency that is associated with transition for example.

Prof. Scorer: I will come back on that immediately. The thing that determine# the edges

of turbulenco in the atmosphere -* usually the density stratification. It extends up to a

certain level and thon it meets a lid. By searching hard you might find the kind of inter-

mittency you refer to but the external flow is not potential flow - it is stratified and

contains a lot of vorticity. Perhaps Prof. Lettau has a better answer for thie.

Prof. Lettau: I would like to come to the resiue of the meteorclogist. If you look at a

series of weather maps you find lots of precoure gradients opposing themselves. At a given

point you may have today a pressure gradient from tne south and tomorrow one from the north.

The major difference in comparison with wind tunnel boundary layers is that ambient flow in

the atmosphere is to a very good degree geostrophic and not potential flow. These facts

ause quite different conditions in energetios of flow as well as of turbulent disturbances.

The type of intermittency that we do have to work with in the contin-ous planetary boundary

layer all around the world i: mainly caused by changes in pressure gradient and hydrostatic

stratification, from day to dLy, even from hour to hour, but quite different frn- the kind

of intermittency in the wind tunnel for unchanged (controlled) driving force of the ambient

flow.

Prof. Carmaki I would like to make a couple of comments in response to Dr. Libby's ques-

tions -- in reverse jrder from that in which they were pcsed. On the matter of inter-.ittenvy

I would like to refer to some measurements beig made by one of our staff members, Pr,:.

Sandborn with hot-wires in the atmosphere. He tells me that he observes intermittenoy the

same as he does in the wind-tunnel bounda-y layers. This, I think, is comforting to know.

Another factor -- I think I nent.oned this as some of the basic problem. that we ought to be

inveatigating -- there is, in many 4nrtances, at the top or what we call a planetary boun-

dary layer ir the stmoophere a flow which is actually turbulent with a considerable amount

of turbulent energy. Therefore. we don't have as for the ordinary aeronautical boundary

layer a flow which is turbulence-free above the turbulent boundary layer. You mentioned

Pomethinr about the work of Dr. 4palding. I think one of the difficulties in app.ying Dr.

5ptlding'e analysis to the problems we have been talking about is that in the atmosphere

we are concerned w1t situations where tho heated section of boundary ma cause buoyancy for-

ces which produce motioia vhich are strong compared with those due to the forced corz totlnn.

'hrefore, the who!o flow pattern becomes dependent upon the local bJundary condition _'dI

the work of Spalding is no longer applicable. 'here was sone concern about the long riece

to which the lend-forsed boundary layer and its effects are observed out at sea. It *aees

to Le that the may be associated with the large scale longitudinal vortices sometimes ob-

served in boundary layers formed over land.

P ,n~ ) My statement about the length to which t!e solid ground is felt out to ea

was actually based on a thecry by Dr. Peter Taylor of 7oronto who talked about this in RA-

land. This is not based on observations. What essentially happens it that he makes a model

with a change of roughness. An internal toundary ltyer develops which at the beginning has

a slope of about one in ten and then becomes flatter. The oundary layer i about I km thick

and it takes about a h%ndred kilometres horiorntally until the wno.e boundary layer ts modi-

fied. i don't know of any otservations of -his.

I would like to come back to the other question of inte.rittency and that is really
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7 definite lid on a turbulent layer, and that is under stable conditions when the Richard-

L number near the ground is juite snall and increaes with height. So, somewhere between

or 40 metres the Richardson number becomes critical. You can see this in terms of dis-

-sion under these conditions; contaminants from a ground souros disperses vertically, but

e from an elevated source do not disperse vertically. So there is actually a fairly

irp boundary between the subcritical Richardson number flow and the supercritical -Richard-

number laminar flov. In this region there is indeed intermittency, Aa shown e.g. in a

lent paper by Slade in Journal of Applied Meteorology.

*Kokegi: My question is directed to Prof. Cermak and concerns his laminar modeling of

a atmospheric turbulent shear iayez. This model looks quite clever of course and I would

te to compliment Prof. Cermak for it. In the laminar Reynolds number you have the kinema-

3 viscosity and in the corresponding turbulent Reynolds number you have the eddy visbosity.

4, roughly speaking, the kinamatic viscosity will barely vary across the layer assuming

ntity and temporature variations a- small, but th- eddy viscosity v&ries considerably.

I wonder if you can comment on discrepancies in the modeling due to this difference in

scoeity variation.

2f. Coeak: I am glad you broht up this subject because unfortunately there was not

ally time enough to go into much detail. I would like to point out that this type of mo-

ling certainly does not represent a universally good approximation. This type of modeling

9ppropriate only if we consider thq ratio of the integral scale of turbulence to a re-

reuie length of the obstacle, say a mountain, to be of the same order of magnitude as the

tic of the mean-free-path lengh (molecular 'ion in the mods! fluid) to the scal, down

feronoe length of the model. In a sense we are considering the turbulent atmosphere to be-

ve as a sticky fluid grossly approximated by a constant eddy viscosity. Therefore, I would

-ain caution that this appears to be a useful concept only when the mean flow field is domi-

.ted by the bndary geometry, i.e., a mountain-valley-complex under stably stratified at-

spheric conditions. In other words, this concept is appropriate only if spatial variation

the mean flow feld in the horizontal is more intenpa than in the vertical direction.

, Korkywi: There is still the mountain or the building that would be a perturbation in-

de oV ik boundary layer. Si whereas the local Reynolds niimber in a laminar boundary layer

uld be made to match the local turbulent Reynolds number in the atmosphere at Correspon-

ng points within the layers, the Reynolds number equivalence will no longer hold and there

11 be considerable departure within the respective shear layers away from this point. So,

•em though o..e might take the local Reynolds numbers to be equivalent based on the size of

ie di- rbance or the roughness -- mountain or building for the atmospheric layer -- , they

-11 not ba equivalent as one goes up into the atmospheric shear layer. I think there is

me question as to how good the matching really is.

STAMre I am very much in sympathy with Prof. Cermakls idea but please people must

t think that we are naive about it. The point is that when you do these experiments you

* not looking on thns occasions for a very precise quantitative answer. We are looking

,r qualitative enlightenment and if you can make mechanisms visible which are not visible

the -11 scale you have a better chance a) of understanding the qualitative way and b)

sett..g up the right equations for them b. -naking the right sort of assumptions subse-

ientiy.

1 9gre L In answer to Prof. Scorer, I am not questioning the desirability of modeling

is atmosphere in a wind tunnell but rather, the technique. It is somewhat doubtful to me
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th&t the equivalence provided by laainar modeling ;a any better than that provided by a

turbulent boundary layer even thoug its Reynolde number in much smaller than that of t#e

atmosphere.
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